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16. Abstract (Continued)

/
/

¢-.-A tentative characterization of large non-Gaussian waves is
provided. Recent developments in nonlinear wave mechanics are
reviewed to help explain the origin and propagation of these
waves* Current studies of the synoptic development of winter

storms are also examined to identify wind field characteristics
which appear to be related to the development of 4rogue€' waves.

• A program of research is recommended to develop the en-
vironmental data base and analytical methods associated with

~achieving a better understanding of the characteristics of

extreme waves, the associated synoptic weather conditions, and..

the effects of extreme waves on ships.
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1.0 INTRODUCTION

Ship structure is designed to withstand local and overall hull girder loadings
which are based to a considerable degree on requirements of classification societies,
design manuals, etc. These requirements typically are developed from past experience
with similar ships and do not originate from a "first principles" derivation of sea-
way loadings. As a result, assurances of ship structural integrity in seaways of
extreme proportions tend to be implicit rather than explicit. Occasionally ship
heavy-weather damages testify to the fact that a rational understanding of the
nature of the more extreme waves encountered in storms and of their potential effect
on ship structure would be desirable. It is to this ultimate end that the present
study is directed.

The specified objectives and tasks of the study are as follows:*

A"A. Objective

The objective of this project is to determine the possibility of a ship en-

countering some kinds of extreme waves and to understand the significance of this
in ship structural design."

"B. Background

Numerous ships have been severely damaged or lost through structural failure

caused by encounter with an episodic wave of extreme height and force. There is
need of better understanding of the behavior of ship's hull structures under such
conditions. Research is underway on the ultimate strength of ships structural
elements under collapse loads. However, there is now no understanding of how these
extreme waves load the ship's structure. It is important to know whether the
critical problem is one of hull girder failure, extreme bow slamming, "greern water"
on deck, superstructure damage, or some other phenomenon."

"C. Work Scope

The following tasks are to be considered in meeting the objective:

(a) Survey published data worldwide about these occurrences.

(b) Consult classification societies, marine insurers and salvors, owners,
government agencies and any other sources of unpublished data on these losses, such
as Lloyd's of London Shipping Information Service. Determine need for and schedule

" personal visits with officials in the United States and overseas.

10- (c) Conduct visits and prepare trip reports.

(d) Classify the data gathered by geographical location, incident environ-
mental condition, type vessel, type damage, loss of life, financial loss, and
environmental damage.

*From contract work statement.

p .
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(e) Identify the most common and the most severe forms of structural failure
which have occurred in the past from extreme wave loading.

(f) Analyze and discuss the data to determine the most significant circum-
stances surrounding these cases.

(g) Recommend a program of future research."

As in the case of other research investigations that are somewhat exploratory
in nature, knowledge gained during the course of the study has suggested that
certain aspects be given more emphasis, and others less, as the investigation pro-
gressed. In this instance the study of published worldwide data was confined mainly
to a survey of U.S. Coast Guard Reports of Vessel Casualty or Accident (Form CG-2692)
because they constituted a useful and representative data base and because it soon
became apparent that the study of selected damage incidents for which relatively
detailed information was available was more likely to permit attainment of the basic
study objective.

Interviews of ship's officers with considerable at-sea experience, which was a
speculative undertaking at the outset, ultimately had a major effect on the results

I - of the study. This was also true of the decision to correlate damage incidents with
synoptic weather information. As a result of this particular decision, the analysis
of data "gathered by geographical location" was deemphasized since synoptic weather
studies were found to provide a better understanding of the influence of geographic
location than damage trends per se.

The findings of the study are of a circumstantial nature to a considerable
degree, there being very little measured seaway, wind, and ship response information
for the synoptic storm conditions suggested here to be of critical importance. The
research projects that are recommended are nevertheless believed to be of a sub-
stantial nature and justified by the findings of the study, even though these
findings are largely circumstantial at this time.

2.0 BACKGROUND AND APPROACH

The approach taken to the conduct of this study has been strongly influenced by
development of the half-cycle matrix (HACYM) method of random data analysis and its

application to wave data obtained during Hurricane Camille.'* Because of their
relevance, these deveLopments and some of the associated findings regarding
Hurricane Camille wave data are first reviewed.

2.1 Half-Cycle Analysis of Wave Data

As a result of developments related originally to the analysis of broadband
fatigue load data, the half-cycle method of analyzing random time-series data has
evolved.2 The procedure and some of its basic characteristics are as follows:

Figure I illustrates the basic procedure for half-cycle counting of time-series
data and for entering individual counts into the associated data matrix, or HAYCM.

*References are listed beginning on page 62.

2

I yr.
.-.. .



- . .. . . .. . . . .. . .. , -. . . . .

The signal is first banded into uniform data intervals on either side of the
reference data level. Each data interval has been given a data interval designator
(+J through -J) for identification. Whenever a data peak (maximum or minimum)
occurs, it is identified with a particular data interval designator. In Figure 1,
the half-cycle Q has a first peak of -B and a second peak of +E; as a result, it
is entered into the HACYM data bin corresponding to a first peak -B and second peak
+E. (Note: in Figure I the half-cycle identifiers Q through @ have been entered

- to illustrate the procedure. Normally the data bin would contain a number which
correponds to the number of times the data sample in question had half-cycle excur-

* sions corresponding to that particular data bin.) This procedure is repeated for
other half-cycle excursions such as through @ until all of the data have been
processed.

The signal employed here illustrates certain basic features of the dispersion
pattern of half-cycle counts within the HACYM. First, matching half-cycles will
fall int: data bins symmetrically disposed on either side of the full diagonal,
i.e., about the diagonal formed by the darkened squares. Thus, if the HACYM were
folded along the null diagonal, the data bins containing matching half-cycles would
fall one on the other. The half-cycles @ and @ would then f4ll on one another
as would (1 and . Second, a half-cycle count located on the reference level
diagonal, designated here by the straight line running from the upper left to the
lower right corner of the HACYM, corresponds to a half-cycle excursion such as
which is symmetrical about the reference data level. Third, the up-going half-
cycles Q , , and Q all appear on the right hand side of the null diagonal,
while the down-going half-cycles (D , , and @ all appear to the left of the
null diagonal.

Figure 2 has been prepared to illustrate the significance of the location of a
half-cycle count within the HACYM. In this figure, the half-cycle excursion pre-
viously designated 0 has been characterized in terms of its mean value and its
amplitude which, in this case, are 1 1/2 and 3 data intervals, respectively. It
will be seen in the NACYM of Figure 2 that the location of a half-cycle count with
respect to the null diagonal is a direct measure of the amplitude of the half-cycle

. excursion, while the location with respect to the reference level diagonal is a
direct measure of its mean value. Half-cycle counts having positive means fall to
the right of the reference level diagonal and vice versa.

If, following the processing of a large amount of random data, a three-
dimensional figure were to be constructed such that the ordinate at each data bin
corresponded to the number of half-cycle counts in the data bin, and if the figure

*i were normalized to contain unit volume, the individual ordinates would then
correspond to the joint probability of a particular mean value occurring in combina-
tion with a particular amplitude. All wave data processed to date have shown a
tendency toward symmetry about the null diagonal of the HACYM.

Using an analytical approach developed by Yang, Andrews recently analyzed an
idealized narrow-band Gaussian process in HACYM format. One of the band-limited
white noise spectra employed in the analysis is shown in Figure 3 together with the
resulting distributions of half-cycle counts for a particular number of half-cycle
events, Figure 4. The principal characteristics of the'dispersion pattern are:
(a) symmetry about the diagonals of the HACYM and (b) a Rayleigh distribution of
peak counts p(x) = X/C2 exp (-X2 /2C2 ) where C2  1 1/2 ZX 2i for the associated

3
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histograms of peak counts and amplitude occurrences.* The characteristic of symmetry
derives from the Gaussian nature of the process since data events having the same
absolute values of mean and amplitude can be expected to have an equal probability
of occurrence. The Rayleigh distribution of peak counts follows from Yang's math-
ematical formulation of the problem and since it is a narrow-band process, the
histograms of peak counts and amplitude occurrences both have a Rayleigh distribu-
tion. For a stochastic process which is not "narrow-band," the pattern of half-cycle
counts will spread in the direction of the null diagonal and become more nearly
circular. As found by Cartwright and Longuet-Higgins, s the histograms of peak
counts will approach a normal distribution as the width of the energy spectrum for a
Gaussian process becomes increasingly large, i.e., as the process becomes more
broadband. Thus, in general, one may expect that if wave height as a stochastic
variable is Gaussian in nature the distribution of half-cycle counts in HACYM
format will be symmetrical about the diagonals of the data matrix whether the
process is substantially narrow-band or not. To the extent that the process is

*not narrow-band the HACYM dispersion pattern will necessarily increase in width.

These generalizations apply to random seaways both in nature and to recreations
of them in towing tanks. Figure 5 presents the results of a half-cycle analysis of

• .114 wave height events associated with mechanically generated tank waves whose
variance spectrum is represented by that of Figure 6. It will be seen that compared
to Figure 4, which contains 108 wave events, the process of Figure 5 is more broad-
band (as can also be seen by comparing the spectra of Figures 3 and 6). The dis-
persion pattern of half-cycle counts is somewhat asymetric because the larger waves
in the tank are elevated slightly, i.e., they have trough-to-crest and crest-to-
trough excursions which have small positive means. The amplitude and peak count
histograms have distribution shapes which are roughly Rayleigh in character. Bearing

. .in mind the relatively small sample size, the tank wave heights are considered here
" - to be a working approximation of a Gaussian process which is only approximately

' " narrow-band.

2.2 Non-Gaussian events** in Hurricane Camille Wave Data

HACYM analyses of time-series wave height data from Hurricane Camille have

been performed.Z Additionallyfor the same half-hour data intervals,the variance
spectra have been determined. Before discussing these as they relate to the distinc-
tive types of waves identified by HACYK analysis, it is important that the storm be
characterized as it developed at the deep water platform (in 340 ft of water) where
data were obtained during the approaching storm. Since mechanical failure of the
second of two Baylor type wave staffs occurred at 1617 hours (which was prior to the
arrival of the eye of the hurricane) wave data were obtained only during the approach

of the storm. (The first wave staff was rendered inoperable following passage of an
episodic wave at 1 hours.) The wind during the data gathering period was almost
constantly from - northeast direction which reflects the fact that the center
of the storm pass lightly to the west of the platform as it moved in a south
to north direct.

*As explanined in kp,.'l ix A of Reference 2, the sunmations of half-cycle counts
in rows and diagonals of the HACYM provide the wave height statistics analyzed by
Cartwright and Longuet-Higgins5 as crest heights and crest-to-trough heights,

*. respectively.
*> **Events which would not have occurred if the wave height time-series were Gaussian.
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The modal period* of the variance spectra associated with the waves was nearly
constant at about 13 to 14 seconds from 1000 to 1600 hours. 2 This permits the
following broad characterization of the seaway. Early in the storm the local wind
velocity was less than would account for the observed modal period, even if the
sea were fully developed7 ; see Figures 7(a) and 7(b). This is due to the fact that
the local waves contained swell emanating from the approaching storm. Later the
situation is reversed and the modal period was less than would be estimated for a
fully developed sea corresponding to the observed average wind speed. Thus the
waves were initially influenced by swell from the approaching storm, while later
they were influenced substantially by locally strong and gusty winds.

A half-cycle analysis of Camille wave data beginning at 1000 hours finds wave
events which appear to be Gaussian in nature.** Near 1200 hours, two episodic***
waves appeared in the seaway, the first of which (at 1155 hrs) had a ratio of wave
height to significant wave height of about 2.4 to 1; see Figure 8(a). The event,
shown in Figure 9(a), was composed of a group of three large waves, the center one
of which was clearly the highest. The wave at 1222 hours was episodic primarily
because it was elevated with respect to mean water level, the trough-to-crest height
itself being by no means episodic; see Figures 8(b) and 9(b). As noted in Figure 7(b),
these waves occurred at a time when the average wind velocity corresponded to that
for a fully developed sea of the observed modal period.**** Thus the episodic waves
occurred at a time when the seaway was, in terms of its modal period, "fully
developed."

Beginning at 1430 hours, the half-cycle analyses of Figure 10 find that the
seaway assumed a distinctly non-Gaussian character due to the continuing occurrence
of large, elevated waves. Figure 7(b) shows that the average wind velocity had

increased rapidly to approximately 50 knots by this time. The figure also shows an
evident correlation betweea significant wave height and average wind speed where
each is the average for a one-half hour interval. (This correlation would have been
obscured if the interval of increased wind speed, particularly between 1300 and 1330
hours, had not corresponded closely to the chosen data analysis interval.) The

time-series for three of the larger elevated waves are shown in Figure 11 from which
it can be seen that these waves tend to stand alone in the time-series and to have
waves of very small proportions running before them. In addition the period of the

approaching elevated wave is substantially less than modal period. The wave of
Figure 11(c) for example had an observed period of approximately (9/14) x 100 = 65%
of modal period. If one may assume that wave length is proportional to wave period
squared, then the wave length of this highest wave in the half-hour data analysis
interval is less than one-half of that of waves corresponding to modal period (which

*Period corresponding to the peak of the spectrum.

**The wave events appear Gaussian in the sense of having a nearly symmetrical

distribution in HACYM format.

***That is, data events which stand apart from all others occurring during the

data analysis interval.

****In Figure 7(b) no allowance has been made for possible misalignment of wind and
waves, nor has a correction been made for reilninp the measured wind velocity to
a standard height.
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are clearly the waves of dominant, time-average energy). The elevated waves of
Figures 11(a) and (b) similarly have periods which are substantially less than
modal period.

Wave steepness is not given directly by the time-series data of Figure 11, but
an approximation can be obtained by assuming that the lengths of the waves in
Figure 11(b) and (c) are approximately equal to 5.12 T2 (ft). The average time
interval between the crests of the preceeding and largest waves is approximately
9.5 sec while the average height of these large waves is 66 ft, which results in an
estimated height-to-length ratio of H/L _ 66/(5.12 x 9.52) = 1/7. From this
estimate, it is concluded that the waves of Figure 11 are both steep and elevated,
and that the crest of the largest wave is close to, if not actually, breaking.
Because of the asymmetry of these large waves as seen in HACYM format they are
believed to also be properly characterized as "non-Gaussian" for reasons discussed
above.

Whether or not the episodic waves of Figure 8 can be considered non-Gaussian
cannot be easily determined. If the associated wave-height time-series were indeed
Gaussian, particularly with respect to its extreme values, then the occurrence of
an outlying wave event is possible although improbable. Regarding the improbability,
Longuet-Higgins8 observed that "The general conclusion then appears that changes in
the strength of the wind or other generating forces are more important in producing
variability in the wave amplitude than is the statistical variation of the waves at
any one time." From a sampling point of view, however, the episodic wave event
remains a possible although improbable event. (From a wave research point of view,
the study of episodic wave events logically requires a prior examination of the
effects of energy dissipation due to wave breaking since this mechanism is likely
to impose a natural limit on wave height under ordinary circumstances. With the
results of such research in hand, the subject of episodic wave events could then be
approached on a more meaningful basis.)

2.3 Extreme Waves in Winter Storms

To date no wave data from a severe winter storm have been analyzed in HACYM
format which are in anyway comparable to that from Hurricane Camille. However, a
review of several documented investigations of heavy weather damage involving U.S.
Navy ships has established that waves having a time-series character similar to
those of Figure 9(a) and Figures 11(a), (b), and (c) have been observed during
winter storms and that they have resulted in severe structural loadings." One
episodic wave measured during a winter storm off the Irish coast was also noted in
reference (1) to have a time-series character similar to that of Figure 9(a)
although the overall proportions of the wave were smaller. These findings suggest
that the non-Gaussian and episodic waves of Camille may have counterparts in severe

0 Qwinter storms.

The investigation of NOAA data buoy capsizing by Hamilton,9 revealed a high
degree of correlation between the capsizing of large, discus-shaped buoys mooredoff the U.S. East and West Coasts and certain sectors of severe winter storms. His

findings suggested the potential value in the present study of correlating certain
- ship damage incidents with prevailing synoptic weather conditions.
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2.4 Study Approach

The foregoing investigations influenced the conduct of this study in the
following respects:

(a) The waves of Figures 9 and 11, which could have counterparts in severe
winter storms, were believed to be sufficiently distinctive that ships officer's
who have stood bridge watches during winter storms might have recollections of
encountering them. Interviews with ship's officers of considerable at-sea experience
were therefore sought to determine if this were the case.

(b) When reviewing ship heavy weather casualty cases of special interest,
attention would be given to the time-correlated synoptic weather information
associated with a ship's location within the storm in question. For this purpose
surface weather maps and satellite cloud photos were obtained from the National
Climatic Center, Asheville, N.C., and the National Climatic Center, Satellite Services,
Division, Washington, D.C., respectively (after Hamilton1 0). Particular attention
was also given to local wind data in regard to the apparent or measured rate of
increase or decrease of wind velocity and any associated changes in wind direction.
All information regarding the visual appearance of damaging waves was, of course,
carefully reviewed for possible correlation with the waves of Figures 9 and 11.

3.0 LITERATURE SURVEY AND ANALYSIS OF SELECTED CASUALTY INFORMATION

While the open literature contains many descriptions of, or references to, ship
heavy weather damage incidents, the number of these which deal with extreme wave
encounters is quite limited with exception of those which have occurred in the

Agulhas Current off the southeast coast of Africa. As a result of the work of
Mallory,'0 a comprehensive summary of recent casualties resulting from episodic
wave encounters is available for that ocean area together with an analysis of the
synoptic weather conditions with which they are associated, Schumann 112,13 has
further considered the tendency of wave) energy to amplify when moving against a

strong current in order to help explain the occasional presence of episodic waves
in the Agulhas Current.

As a result of these prior investigations, it was felt that sufficient inforla-
tion is available to satisfy the objectives of the present study as they relate to
that unique ocean area. This study thus addresses itself primarily to extreme waves

in the open ocean about which much less is known at the present time.

3.1 Review of Prior 1an,)age Surveys

Ship structural damage due to all cau,,;, including heavy weather, was previ-
ously studied by Hawkins, et al. L In rcc:ird to heavy weather damage they found
bottom damage due to slamming waz; the m pr 'valent type of damage but that:

-N%• "Precise details as to the circum, t lcur' ,.TIder which the casualties occurred
are lacking. Other than the fact th,, tli, i ijr ity of the cases occurred during
winter months on various trade rout. -,, I iitt1 add i t jial dat . could be found. Ship
speeds, loading conditions, and other (T1Vivt1 rnmental Jetoils at the time of the
casualties were, in most irrvtiii,,, V i ', ,,d i , ,at d in ve ry qualitative
terms such as 'mountainous s(a'."
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With respect to other common sources of damage they found that:

"The next most prevalent form of heavy weather casualty uncovered during the
survey was damage to structural components on the weather deck. Out of 23 cases 17
occurred in the area of the forecastle and the remainder at locations farther aft.

, Most involved damage to bulwarks and some to decks and internal structural members
. i as well."

In discussing heavy weather damage trends in general they concluded that:

"Although these trends are significant, they have not yet been sufficiently
validated to recommend and justify specific structural modifications. It is
believed, however, that a more thorough examination of the casualties which produced

* ." these trends would be of value. Particularly in cases of slamming damage, and to a
lesser extent cases involving damage to the forecastle and weather deck, it would be
possible to attain a better understanding by further examination of the environ-
mental conditions and of the hull form and above water configuration in the bow area

-.... of each ship involved."

While no attempt has been made in this study to consider hull form and above
water configuration aspects of heavy weather damage generally, these variables are

* reviewed and discussed briefly in connection wich certain heavy weather damage
cases. The lack of detailed operating and seaway information noted in connection

"- " with bottom slamming damage cases has been overcome here to some degree by placing
emphasis on a review of information contained in U.S. Coast Guard casualty investi-

". gation reports which furnish more specific information than is generally available
from the open literature.

A broad study of weaLher relateCd ship aSuilties over a 10-year period was
conducted by Quayle, 1 who found that ther is a substantial increase in casualties
during winter months and thaL the mijori ty eccur in coastal and near coastal areas.*
His comprehensive survey also implied that general surveys typically result in
general conclusions. From the point of view of furnishing information of particular
value in the design of ships to withstand heavy weather operation, general surveys
tend to be of limited value ,since the most impocLant information is usually associ-
ated with the details of individual casualties. The present study has accordingly
sought damage cases where m.orc_- tbhon the usual information regarding the circumstances
of the casualty is available.

.*-." 3.2 An Interpr;_tive Sucutlay Lf U. au: (,uard Hcay Weather Damage Information

The U.S. Coast Guard Office )f M rhii - ,t 'I ,_ie Safety, Marine Investigations
Division furnished a cumput L Ll p vRts of Vessel Casualty or
A.:cident (Form CG-269P) Lc( 'e .1k C' :;Ji ticn "U.S. Inspected Vessels of

*f" over 1000 G ic i.\L,' od H ,,eavv toeather: Fiscal 1970-79."
The 1i L Li g cciiLaii ij 56 ,.1.,. wUi ul..:, whch, based upon a sampling
approach, did not invoive LL , . L , in order to identify those

*The study ir,.luded ,i;u idi i

**The term "extr ne v':,;e" , k. . . o-te..t of a wave of damaging pro-
portions., but ..f i'i ( . .. , , tgt., ut riod, steepness, etc.

..... ... "
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cases most likely to be of interest, the coded listing was searched for those cases
satisfying the criteria: damage in excess of $50,000 in seas of height greater than
15 ft. All groundings and collisions meeting the criteria were arbitrarily dis-
regarded. The cost criterion was later modified and all cases involving seas or
swells in excess of 40 feet were included regardless of the cost of damage repair.

A tabulated summary of 38 cases identified in this manner is presented in the
Appendix. Most of the information relevant to this study which was available in
the CG-2692 forms has been included in Table A-i of the Appendix. Based upon these
data, Table 1 on page 17 has been prepared to call attention to certain trends which
are believed to be of particular importance. The first of these is the relative
dominance of local wave loadings, compared to over-all hull girder loadings, as a
source of heavy weather damage. Of the 38 cases summarized here, 26 involved damage
due to local wave loadings compared to 4 cases where cracking in the primary hull
girder was reported. In the most serious of the latter (Case No. 15), a 16-foot
long crack developed. In this instance, the ship's master was cited for operating
his ship at 16.5 knots in 20-to 50-foot seas.

A similar trend toward local wave imyact damage, as compared to hull girder
loading damage, was also noted by Buckley as a result of a survey of heavy
weather damage experienced over a 10-year period by U.S. Navy ships.

Table I also shows an evident trend toward container damage (mainly containers
on deck) since 12 of the 38 cases involved such damage. Of thesej5 were specifically
attributed to the occurrence of extreme roll angles in the seaway. One case (No. 1)
involved tie-down failures which were apparently the result of hull girder torsional
deflections in the seaway..

No attempt was made in preparing Table 1 to determine the statistics of extreme
wave encounters since the results could be misleading. The reason for this decision
was that the information required by the CG-2692 form does not specifically address
the subject of extreme wave encounters, although in some cases reference is made to
"a series of mountainous waves," "vessel suddenly rolled 40 degrees to port", "we
were suddenly lifted by a huge swell", etc. The problem at hand is illustrated by
Case 28 of Table A-i for which additional information happens to be available. In
this instance the SL-7 class container ship S.S. SEA-LAND GALLOWAY experienced
damage in a relatively moderate seaway of 8-12-ft seas, 13-20-ft swells, with local
winds of 30 to 40 knots. Discussion of SL-7 class heavy weather damage experience
with a naval architect familiar with the ship revealed that it had been proceeding
at approximately 30 knots when it encountered an unusually large wave in the seaway
which could be seen approaching from a distance, but which could not be avoided nor
the ship slowed substantially before it was encountered. The resulting bending
moment on the forward portion of the hull girder was sufficiently large as to cause
paint to flake off locally due to plastic tensile strains on one side of the hull
while on the opposite side local "crinkling" of the plating occurred. In addition
to this information, an unpublished list of extreme scratch gage readings by ship
and date furnished by Teledyne Engineering Services revealed .hat the incident
in question produced the 4th highest hull girder scratch gage strain reading
recorded on this class of ship out of a total of 36,011 individual readings. These
findings illustrate the extreme nature of the wave encountered in comparison to the
other waves in the seaway as well as the fact that no attempt was made to identify
it in the CG-2692 form.
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TABLE I - TRENDS NOTED IN SURVEY OF U.S. COAST GUARD HEAVY WEATHER DAMAGE
INFORMATION

Reference Damage Due Hull Container
Number of To Local Girder Remarks
Table A-i Wave Loads Damage* Damage

1"X Racking of hull girder belived to have
precipitated loss of 47 containers

2 Rudder failure

3 X
'.,

4 X Bulwark carried away

5 X $400,000 cargo loss due to sea water
entry

6 X X Main deck holed in three places

7 X

8 X Vans went over the side following 38*
roll

9 X 6 vans lost overboard following 40*
roll. 22 others damaged.

10 X Sea water entry into wing ballast tank

11 X Port hole window failure. Damage due to
sea water entry.

12 Mooring anchor failure-drilling barge
4".

13 X Deck cargo lost overboard following 530
roll

14 X X Containers lost; foredeck setdown

15 X 16' long hull girder crack. Ship driven

at excessive speed in seaway

O 16 X X Container broke loose following 350 roll

17 X Emergency generator room flooded

*Damage related to overall hull girder bending, shear, or torsional loadings as

evidenced by local fractures in primary hull girder structure.
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TABLE 1 - TRENDS NOTED IN SURVEY OF U.S. COAST GUARD HEAVY WEATHER DAMAGE
INFORMATION (CONTINUED)

Reference Damage Due Hull
Number of To Local Girder Conae Remarks

Table A-i Wave Loads Damage* Damage

18 X Container lost overboard, attributed to
vessel motions

19 X Bow thruster room flooded

20 X X Beam swell damaged four containers

21 X Wing bridge damage attributed to
"freak" wave

22 X Wing bridge damage; sea water entry

damage

23 X Water entry damage due to main deck

hatch failure

24 X X Containers damaged by wave impact

25 X Salt water damage to "transporter"

motors in following seas

26 X Green seas shipped due to extreme roll

in following seas

27 X Foredeck and appurtenance damage

28 X Hull plating and hatch corner damage

29 X Pilot house and other window failures.

Bulwark and breakwater damage

30 X Foredeck dished-in. Wing bridge and

window damage

31 X 14" crack in main deck. Port side

bulwark damage

32 X Foredeck set down; Window failure and

cabin flooding

*Damage related to over-all hull girder bending, shear, or torsional loadings as

evidenced by local fractures in primary hull girder structure.

18
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TABLE 1 - TRENDS NOTED IN SURVEY OF U.S. COAST GUARD HEAVY WEATHER DAMAGE
INFORMATION (CONTINUED)

Reference Damage Due Hull Container
Number of To Local Girder Remarks
Table A-i Wave Loads Damage*

33 X X Damage to forecastle deck plating,
breakwater and windows. Cracking at
No. 1 hatch

34 X X Bow thruster room flooded, containers
stove in

35 X Extensive wing bridge damage. Deck-
house plating torn, Masters quarters
flooded

36 X Appurtenance damage

37 X Damage survey apparently incomplete

38 X Bow plating and framing damage

*Damage related to over-all hull girder bending, shear, or torsional loadings as
evidenced by local fractures in primary hull girder structure.

19
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No supplementary information for Case 29 of Table A-i is available, but it will
be noted that the S.S. SEA-LAND McLEAN operating in an entirely different ocean area
experienced significant foredeck and deckhouse damage in 15-20-ft seas, 10-12-ft
swell, and winds of 45-50 knots. In this case the ship, while proceeding at reduced
speed (15 knots), experienced damage under sea conditions which should not normally
have caused such damage. As with Case 28 this raises the question of whether one
or more unusually large waves were encountered. The description of casualty informa-
tion contained in Table A-i suggests that this may have been the case, but since no
explicit comment was made regarding the possibility obviously no substantive con-
clusion can be drawn.

From these two examples, it is believed evident that the information normally
provided on the CG-2692 form does not provide an adequate basis for relating ship
damage to extreme wave encounters.

3.3 Selected Casualty Information

One casualty case included in Table A-I together with certain other extreme
damage cases are reviewed in Section 5 of this report because of their importance
in assessing the effects of extreme waves on ship structure. These cases are also
important with respect to the classification of such waves and will be considered
further in that context rather than as part of the general casualty survey.

4.0 PERSONAL CONTACT SURVEY

The personal contact survey was intended to obtain information regarding ship
casualties which was not readily available in the open literature as well as to
compare general damage trends of commercial ships to those noted previously during
a heavy weather damage survey of U.S. Navy ships.* These objectives were not
changed during the study. However, interviews with several shipmasters and ship's
officers were added to the survey when it was decided that the time-series waves of
Figures 9 and 11 might be used to help determine if such waves had been observed
during winter storms.

4.1 Visit to American Bureau of Shipping (ABS)

The general tendency toward heavy weather damage as a result of local wave
loadings (as opposed to over-all hull girder loadings) noted in U.S. Navy in-house
research' was affirmed by the head of the ABS Hull Department. In cases where sub-
stantial damage is experienced by ABS-classed ships, the structure involved is
generally checked for conformance to ABS rules and if found satisfactory is then
returned to its original configuration. Despite the preponderance of local damage,
hull girder failures were not unknown and reference was made to the S.S. FRUEBEL
EUROPIA which experienced a major buckling failure during a westbound voyage to
New York City, approximately 12 years ago.

With respect to operations off the Southeast coast of Africa*a trend toward
postside bow damage has been noted. Structural failures in the area of bulbous
bows, such as recently experienced by the S.S. ENERGY ENDURANCE, were believed due

*The damage survey of Appendix A had not been undertaken at this time.
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in some cases to the discontinuance of longitudinal members in the immediate
vicinity of the bulb.

A tendency in recent times toward fo'c'sle damage has been noted and the

problem is currently under study. (The casualty data of Cases 27, 29, 30, 32, and
33 of Appendix A reflect such damage for one class of ship). On the other hand,
the International Association of Classification Societies recently reduced deck-
house front scantlings with respect to supporting structure. Deckhouse window
failures such as noted in Case 32 of Appendix A (which was available for discussion
at this time)1 are generally not a problem since steel deadlight covers are typically
required by classification rules for lower level windows to preclude flooding in
heavy weather. However, it was noted that bridge windows have tended to become
larger over a period of years and their strength characteristics have been under
study as a result of concern for wave impact loadings.

.': 4.2 Visit to United States Salvage Association, Inc.

*%. U.S. Salvage Association representatives also confirmed that local wave load-

"-'5 ings are a primary source of heavy weather damage. Bottom slamming damage was
relatively common for ships designed during the World War II era due to their
particular overall lengths and lack of longitudinal framing. The increased lengths,
tendency toward "V" hull forms forward, and longitudinal framing of more modern
ships have considerably reduced the incidence of bottom slamming damage in recent
times.

4,'

Foredeck damage as exemplified by Case 32 of Appendix A tends to be a function
- .- .of the individual ship design. For example six ships of this class which were
" recently surveyed by the U.S. Salvage Association had evidence of internal damage

in the foredeck area. Other modern ships, with lower-speed hull forms and somewhat
shorter lengths, have been found to be relatively free of foredeck damage by
contrast. Deckhouse window damage has not been a significant problem due in part to
the ABS requirement for deadlight covers for windows on forward facing structure at
the main deck level. On the other hand gangway damage has been an item of reoccur-
ring damage and is of some concern since gangways cost on the order of $25,000 each
to replace. Lifeboat damage has been found to be reduced significantly since
construction was changed from sheet metal to glass-reinforced plastic.

-. As far as catastrophic structural failures in heavy weather was concerned,
instances of ship losses were known but no particulars were available.

- 4.3 Interview of Two Ship Masters

The ship masters were interviewed: their operational backgrounds are briefly as

follows:

Captain "A" - Considerable operating experience in northern Europe, Mediterra-
.-V). nean, and Far East areas. Commanded dry cargo ships worldwide; container ships in

northern Europe and the Mediterranean area; liquified natural gas (LNG) ships in the
North Atlantic and Mediterranean areas, also tankers operating between St. Croix and

*. New York City.
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Captain "B" - Considerable experience operating between northern Europe and the
U.S. East Coast. Commanded breakbulk and dry cargo ships transiting between U.S.
West Coast and South East Asia; container ships operating in the North Atlantic,
Mediterranean, and U.S. East Coast areas; LNG ships operating between the Mediterra-
nean and the U.S. East Coast; tankers operating between St. Croix and New York City.

Each has a total "at sea" work experience of about 35 years.

The interview began with a brief introduction to the study being conducted
followed by a summary of the information gathered up to that time regarding the
existence of the "non-Gaussian" waves of Figures 9 and 11. The ship masters were
then asked if they had observed large storm waves which were similar in time-domain
character.*

Steep, Elevated Waves: Neither master could recall seeing steep, elevated
waves in a storm driven seaway although large steep waves were relatively common
in severe storms. Among such waves the steep, just-breaking and especially the
long-crested wave of this description is the one most likely to cause damage. The
abstract of the deck log from the S.S. SEA-LAND McLEAN was reviewed in detail with
them at this point (See Figure 12) and they indicated that the evident correlation
between increasing wind velocity and the appearance of "very high steep swells" was
typical; in fact the entire storm development and resulting ship response in this
case was considered to be "right out of the mold." Captain "B" added that steady
veering of the wind from southwest to northwest did not always occur. Instead it
would occasionally go back to southwest and then return to northwest in winter storms.

Episodic Wave Groups: The outlying (or episodic) wave group was familiar to
both officers, although they were encountered only occassionally in storms (perhaps
3 or 4 times if encountered at all). Generally, if such a wave group was encounter-
ed it was relatively certain that a storm having central winds on the order of 60
knots or more was in the vicinity. Their impression was that wind intensity had a
good deal to do with the appearance of such waves. Since groups of large waves
have also been seen after a storm has died down, it was presumed that the strong
central storm winds were the cause of these large waves rather than the local, dying
wind field. (Unfortunately, the interviewer was not aware at this time of the

importance of determining whether such waves were aligned or misaligned with respect
to the local seaway).

Both officers stated that the distinctive waves which had been discussed up to
this point were generally less of a problem for them than large, swell-type waves
which suddenly appeared from a direction substantially different from that of the
local seaway. In a typical situation the ship's speed and heading would have been
chosen so as to minimize rolling, slamming, and green water on deck in the storm.
The arrival of the misaligned swells generally resulted in severe rolling of the
shipwhich in turn caused concern for cargo shifting and related problems.

As a miscellaneous question, the interviewer asked whether a fresh cross-wind
acting on a swell type seaway could quickly dissipate the swell. They both agreed
that it could. (This observation had been made previously by another party.)

*The comments which follow have been organized to apply to the relevant wave type.
They were not necessarily made in the order implied here.
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Figure 12 -Steep Long-Crested Wave as Seen from 1)55 Independence -

(CV-62) During Winter Storm

23

6'



Fiur 13 Ste LogCrse Wav as Seen~ fro Undntfe ShipZ..a . S

(Poofo ureoMy198.g 3

%e% 2

vI



1/16/74
00-04 0033 Texel L/V abeam 130, 8.2.0' cast. Vessel pitching mod. to easily

in a rough to mod. SW'ly sea and mod. avg. swell. Weather moderating
after 0230. Shipping seas over fore dk and hatches. Routine inspections.
Bar. 30.08 Wind SWxW 5 (19-29 kn)

04-08 0800 Moderate to rough SSW'ly sea. Vessel taking light seas over bow
and main deck. Heavily o'cast. Routine inspections.
Bar. 29.84 Wind SSW 5-6 (19-31 kn)

08-12 0759 Greenwich buoy @ to port 5.7 ml. 0842 Owers L/V @ to st'bd 9.6 mi.

0927 St. Katherines Pt. @ to st'bd 11.7 mi. off c/c to 2690 glt 1021
Anvil Pt. @ to st'bd 11.8 mi. 1058 Bill of Portland @ to st'bd 6.9 mi.

off 1100 engine room given 90 min. notice to slowdown. Partly cloudy
with rain, passing squalls. Vessel pitching mod. in a rough SW'ly sea,
taking heavy spray across decks. Routine inspections.
Bar. 29.46 Wind SW 7-8 (32-46 kn)

12-16 1222 r/s 60 rpm. Approaching Berry Head, maneuvering to let Pilot off

vessel. 1255 Pilot Roggen away in launch p/s. 1308 increase to 80 rpm.
1323 increase to 90 rpm. 1327 gyro 2008. 1342 reduce to 80 rpm. to ease
vessel in heavy seas and increasing wind. 1405 r/s 75 rpm. 1425 r/s
60 rpm. 1449 r/s 55 rpm. 1451* r/s 45 rpm. O'cast vessel rolling mod.
and pitching deeply in a very high rough WSW sea and very high and steep
swells. Shipping seas over decks and hatches. Routine inspections.
Bar. 29.42 Wind WSW 11 (64-73 kn)

16-20 1648 c/c 2400 gyro. 1838 r/s to 30 rpm. 1851 r/s to 25 rpm. 1900 i/s to

30 rpm. on port engine. Heavy wind gusts short, deep and heavy swells.

Vessel pitching deeply at times, taking seas over bows, hatchesand
main deck. Routine inspections.
Bar. 29.75 Wind WxN 11 (64-73 kn)

20-24 Vessel hove to in storm conditions, mountainous seas. Master conning.
Partly cloudy good vis. Vessel proceeding on 30 rpm. port'engine, 25 .
rpm. stbd engine to maintain steerage way. Pitching and rolling heavily
at times in a very rough NNW'ly sea. Taking heavy spray across weather
decks.
Bar. 30.21 Wind 8-9 (39-54 kn)

*Entries this date Jan. 16, 1974
1450 Vessel encountered mountainous swell, shipped heavy seas over
foc'sle head from a direction of approx. 150 on the port bow. Tension
winch control stations torn off foc'sle head, other damage to be
ascertained when access to foc'sle head is possible. In ships office,
port bent out, office flooded. Rooms #31, #32 on 01 level, windows
broken, rooms flooded. Room #33 window bent at hinges,some salt water
damage. Room #13 at 02 level two windows bent at hinges some salt water
damage. Rms. #31, #32,Section of overhead, paneling approx. 5'x5'
broken off in each room. 1500-1630 Lower mooring station fwd pumped dry
with ships educter, water entered through holes in foc'sle head where
bases on tension winch controls had been anchored. 1630 Open windows
Rms. #31, #32 and ships office temporarily plugged with mattresses etc.
to prevent further entry of sea water.

Figure 14 - Abstract of Deck Log from S.S. SEA-LAND MARKET in Southwest Wind Field of
Winter Storm
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4.4 Interview of iUnited St;tecs (Xast Guard Officers

Three U.S. Coast Guard Officers were interviewed. Captain "A" and Cdr. "B" had
previously served on ocean weather ships manned by the U.S. Coast Guard, and Admiral
"C" (part-time attendance) had considerable at-sea experience including service

in the U.S. Merchant Marine. A brief introduction to the study was given followed
by a description of the large "non-Gaussian" waves [dent i fed in l Hrricane Camilie
and a summary of several ship damage inciderlts in which such waves had qpparently
been encountered.

Steep, Elevated Waves: As in the interview with the ship masters, the elevationof steep waves was not a characteristic that was clearly I e ,a ] I. Captain "A"

stated that in a storm in which waves appr,':imately 20-feet high or mere were
encountered every 7th or 9th wov, was t vp Ik'i 1 1 steep and potent ial Iv dangerous.
When the interviewer stated that suh a tretd was not evident i.n the (amille wave
data, Captain "A" further characterized thevse waves as having a "hole-in-the-sea"
in front of them. This was recognized by the Enterviewer as describing the time-
series of wave height preceding the steep, elevnrt., ww.ves of FigArI -1 I1 . Regairding
the time rate of occurrence of such woes a r.,t, l ,ouI'idt1 nr. ' ?oi'y i(1l ' I .
minutes was considered representative, whi,., is consiste-t with the occurrence rate
after 1500 hours during Hurricane Camille when this type of wave began to appear.*
The wave was further characterized aq bejl alliglied '.eti the local seaway and
distinctly long-crested. Such wa:tvs were ,onsidered dangerous because they could
result in green water on deck and :ould damage i fbont s. gatgwas,and othei
appendages.

Episodic Wave Groupq: Out Jviy, group , at three -mves (typically) were familinr
to each of the officers. Such wavcs ii imd'-d iiite Ill- local seaway .it angles tip to
30' from the dominant wave diroctLon. They weri, d escribed as; being "not that steep"
and of having a speed of propagation not iceably gater thlii the other large waves
in the seaway. Where these waves; i'nt esec cd ith the I ( l li,1(d wa'.' a pArl

inant short cre'ted (1000-I (1( t ' 
.  n I 'ct 1, ". c,)i' 10( l7:1t it! ,curred which

could be seen clearly 'V lk Jiig nt yea." IJ: , .'- Cr I . ,... at iin had bee:n given
the colloquial name "The Three : Lt r!-" 1 n ''s ;uffFrci-ntlv ififnent that it had
been tracked occasiona-tiy ont tile !ti ,'s ,--ii ,'. i. j :er'tin:1-i Admir .al "C" added
that "The Three Sisters" I tl ad , , , ill ii ', S,,t, i,r. Whit- the wnve grlte l
arrived, it usually res;site '.! ii N t i i , , .:11 f ill ii ,;ii] .,,C( iri ' ( i

occasion due to the large and tinc ecl 'dI II iC' 1um. W;V,-e t ,,ls 'If this tv)e we'c
most often encotinterod it i sc-'i t - ,i , , 1. ., t- I , -f ,0 t' "i ott

or Imore.

With regard to the abi v - s ' s kt ,,I I t ',' - , '' . Sw-'.' , Cdr ;''"
stated that this was well k ,,vi in - i ' , ,, - . . t t ci.t 'pE'tat inls pre

Viou:s y cancelled buc;iut--t e, " .Ii j' . . t' ,' Ii'( " c" r di U i,, i na r

term when a cross. 7 II ;iro i ,, : ii, I, ,.:!\ k' 'q I W " i ' I C t d) I

rapid

*At this point it hi',, ,, i n ., 1;, .,i: .I ," . , t I i,, . I ,

appl ie(i') , l oily I I v t . .,. -
later re,! ized t ii t ti , . . • :.. . .. , I, , .. '

a ~the trotj,,: ()I- the. jave, 1.:.i-, I I, , , , . . . , ,, . 1. . . , t '
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Several months after this interview, Captain "A" and Cdr "B" were revisited to
determine if the waves of Figures 13 and 14 were representative of the steep,
"every 7th" type of wave they had previously described. Both officers stated that
the photos were indeed representative of the waves which they had previously
characterized as being large, steep, long-crested and aligned with the local seaway.

5.0 ENCOUNTERS WITH LARGE, NON-GAUSSIAN WAVES

The following case studies are intended to (a) provide further insight into the
unique characteristics of large, non-Gaussian type waves and to (b) help illustrate
their significance in ship structural design. The individual cases have been group-
ed according to the wave type believed to be involved in the casualty, i.e. steep,
elevated, or episodic. The latter type of wave has been further classified accord-
ing to whether the damaging wave was believed to be aligned or misaligned with the
local seaway. The former will be referred to here as "large grouped waves" and the
latter as "episodic wave packets". This choice of terminology is discussed in
Section 6, where consideration is given to the origin of episodic waves.

5.1 Casualties in Steep, Elevated Waves

Steep, elevator waves appeared in hurrican Camille when the wind speed built
rapidly to a time average value of about 50 knots with gusts to 85-90 knots. They
can be characterized as having a maximum height of about 1.6-1.7 times significant
wave height* and a period of 70 percent or less of modal period for the correspond-
ing wave height variance spectra. In the case of the steepest and most elevated
waves, the preceding wave is characteristically small, while the wave itself is
very steep on its forward face. Representative time-series from the Camille wave
data are shown in Figure 11. As a result of interviews with the ship's officers
who had served on ocean weather ships, these waves have been characterized as typi-
cally long-crested as seen in Figures 12 and 13.

(1) CHESTER A. POLING** CASUALTY

This small coastal tanker broke in two off Cape Ann, Massachusetts during a
rapidly developing winter storm in January of 1977.16 The sequence of wind build-
up associated with the casualty is as follows:

WIND

TIME VELOCITY (knots) DIRECTION REFERENCE

0700 18, Gusts to 22 SE 16, pg. 11
0840 30 to 35 ENE 16, pg. 2
1030 steady 50 not given 16, pg. 11

0 1130 55 to 60 not given 16, pg. 11

Note: The National Transportation Safety Board's analysis on pg. 18 of the reference
estimates winds from the east to southeast at 35 to 45 knots with gusts to

" 55 knots at 1035 hours when the casualty occurred.

*The average of the one-third highest waves.

**Length - 281 feet, beam = 40 feet, displacement 5000 long tons.
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Based upon the rapid buildup of wind velocity it is presumed that the local
seaway was substantially "over-driven"* and apt to contain steep, elevated waves
similar to those of Hurricane Camille, but of smaller height and period. For
discussion purposes the wave of Figure 11(c) will be used as a model with its height

and length proportions retained. From Figure 11(c) we find H = 66 ft. Assuming
L ' 5.12 x T2 = 5.12 x 9.02 - 415 ft results in a ratio of H/L of 66/415
1/6.3 = 1/7. As the seaway encountered by the CHESTER A. POLING grew, the stormI waves were estimated by the crew to be 20-25 ft high with distances between crests

of about 150 ft (see page 5 of reference 16). Using a ratio of H/L = 1/7, the
observed wave heights would imply associated wave lengths of 20 to 25 x 7, or 140

to 175 ft for the larger waves which is in general agreement with the observed value
of 150 ft.**

It has been found in reviewing other visual wind and wave estimates for rapidly
building seaways that the observed wave heights in feet are generally reported to be
about one half of the stated wind velocities in knots.*** At the time of this
casualty, winds were reported to be about 55 to 60 knots with estimated heights
(presumed here to be close to significant wave height) of 25 to 30 feet which is
consistent with this rough "rule of thumb," During the phase of Hurricane Camille
in which steep, elevated waves were encountered, maximum wave heights were equal to
about 1.6 - 1.7 times significant wave height. This would suggest a maximum in-
dividual wave height in this case of about 25 to 30 x 1.65, or 41 to 49.5 feetwhich
is compatible with the estimated value of 45 feet for the wave reported by the wheel-
house lookout to have caused hull girder failure (see page 6 of reference 16).

The height-to-length ratio of 1/7 estimated above suggests a wave length of
about 315 feet for a 45-foot-high wave which is of relatively critical proportions
for a ship having a length of 281 feet. Given non-Gaussian waves of the steep,
elevated variety in this seaway,,a relatively smallhigh block coefficient,ship such
as the CHESTER A. POLING could have experienced wave-induced hull girder bending
stresses of an extreme nature as implied by the following: "About 1035, the POLING
encountered an unusually large wave, estimated by the seaman of wheelhouse lookout
to be about 45-ft high. As the bow rose on the wave, another bang was heard and
the vessel lurched. The hull split about 27 ft forward of amidships."'6

(2) SEA-LAND MARKET**** DAMAGE INCIDENT

The deck-log abstract of Figure 14 identifies another critical aspect of the
steep, elevated waves associated with a large, rapidly building seaway. The CHESTER

*See discussion of Section 6.1.1.

**This height to length ratio applies primarily to the large non-Gaussian waves
in the seaway. The majority of the large (Gaussian) waves would be expected to
have a height to length ratio closer to 1/14 in order to account for the
observed modal period as in the case of Hurricane Camille wave data.

***Use of this "rule of thumb" is intended here as a test of credibility for the
reported wave heights and not as a basis for estimating wave heights. It is
intended to apply only to rapidly building seaways.

****Length 946 feet, beam - 106 feet, displacement - 47,700 long tons.
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A. POLING casualty helps to illustrate that high block coefficient ships having
lengths in the range of 250 to 450 feet (i.e. winter storm to hurricane wave pro-
portions) should be studied carefully with respect to maximum hull girder shear and
bending loads. The SEA-LAND MARKET on the other hand calls attention to a problem
of a different type in a seaway containing steep, elevated waves. In this case we
are dealing with a long ship (946 feet) having a very fine entry forward which has
experienced damage in the foredeck and deckhouse area due to "deck wetness" (see the
Appendix). The ship length is substantially greater than the lengths of the steep,
elevated waves believed here to be present in a rapidly building "over-driven" sea-
way. Figure 14 contains estimates of the increasing strength of the southwest wind
during consecutive four-hour watches. It will be noted that between 1200 and 1600
hours the wind strength increased from SW 7-8 (32-46 knots) to WSW 11 (64-73 knots)
and that the ship began "shipping seas over decks and hatches," During this inter-
val, at 1450 hours the "vessel encountered mountainous swell" which caused the
damage described in Figure 14. It should be noted that while the steep, elevated
waves measured in Camille were not of unusual height with respect to the other large
waves in the seaway, i.e. as measured from trough to crest, the elevated nature of
the wave provides a somewhat different preception to an observer on a ship. The
wave of Figure 11(c), for example, has a trough to crest height of 65 feet, but a
height above mean water level of over 45 feet which could cause it to be regarded
as "mountainous" among the other large waves of the seaway which were not steep and
elevated. Characterization of the wave as "swell" is consistent with the long-
crested nature of the wave as described by the officers from the ocean weather ships
and as shown in Figure 12 and 13. The fact that the ship in question is long with
respect to the distance between crests of such waves and that it has a relatively
fine entry both suggest that it could have a tendency to penetrate into the wave
and send substantial amounts of green water onto the foredeck and against the deck-
house provided that the wave was sufficiently large and elevated with respect to the
ship's freeboard. (Model tests in steep, elevated waves would be required to reveal
the true nature of this type of structural loading problem).

(3) U.S.S. SHREVEPORT (LPD-12)* DAMAGE INCIDENT

This casualty' involved the smashing of bridge windows by a large wave with

ensuing personnel injuries. The reported time-series character of the damaging
wave approximated that of Figure 11(c). 1 In this case the rate of build-up of the
winds was less rapid than the two cases discussed above, although the winter storm
was intensifying rapidly at the time. The peak winds were about the same as those
encountered by the MARKET and were associated with a synoptic weather pattern also
about the same (i.e. strong gusty southwest winds in a developing winter storm with
the damaging wave being encountered shortly before frontal passage). Unlike
Hurricane Camille, there was no conclusive evidence of large,steep, elevated waves
appearing periodically in the seaway. The damaging wave was described by the Task
Unit commander as "larger than usual" but not of extreme proportions considering the
size of the other large waves in the seaway at the time. It was also characterized
as "just breaking along its crest," This wave caused foreship damage including
bridge window failures, bridge flooding, and a variety of local damage to watertight
doors, gun tubs, a stairway, etc.,which suggest a wave impact loading similar to
that experienced by the MARKET.

*Length = 570 feet, beam = 84 feet, displacement = 16,900 long tons.
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(4) F/V FAIR WIND* CAPSIZE INCIDENT

This incident involves neither a ship nor significant structural damage. The
wind and wave conditions which were responsible for capsizing this steel hulled, 52-
foot fishing vessel, however, are of interest in characterizing the extreme waves
likely to be associated with intense and rapidly developing wind fields.

The casualty occurred in the Georges Bank area off the Massachusetts coast
during a rapidly developing winter storm (i.e., extratropical cyclone) on 22 November
1980. The storm intensified so rapidly that the severe wind and sea conditions which
it generated were not forecasted and a number of fishing vessels were caught on
Georges Bank in local winds of hurricane force. (This storm in fact subsequently
became tropical and was named Hurricane Karl on 25 November).'8  The time rate of
wind and wave buildup is reflected in the following information taken from the U.S.
Coast Guard investigation:

1 9

- 0800 hours 22 November, "The wind was NW, 50-60 knots, and seas were NW,
30 plus feet"

- 1130 hours 22 November, "The wind was NW, 80 plus knots, and the seas were
NW, 50 plus feet."

An independent estimate of wind and wave conditions at 1300 hours was provided by
the S.S. SEA-LAND PRODUCER, which was located approximately 45 N Miles east southeast
of the casualty site, as "winds NNW at 78 knots and seas NNW at 40 feet!' The fetch
for NW and NNW winds in the casualty areas was approximately 230 N Miles.

The lone survivor (of the four men on the vessel) stated "and at eleven-thirty
*" I, Billy was coming around so I just asked him if he would take the wheel for awhile

and he was just on the wheel when we took an enormous wave and it broke onto the
boat, it spun the boat 180 degrees and headed it back down the wave it seemed like
it surfed down to the bottom of the trough and buried the nose of the vessel and
the breaking water behind the vessel got under the stern and flipped it over end to
end." 20  The wave conformation encountered by the FAIR WIND is believed to be re-
presented (at least qualitatively) by that shown in Figure 12 in the area just for-
ward of the starboard bow of the carrier where the long-crested wave is breaking
locally.

The nature of the steep, elevated waves postulated here to have been generated
by the prevailing synoptic weather conditions is believed to be reflected in the
following comment from a member of the crew of another fishing vessel in the area:
"...and it seems to me that the peak of the wind in that storm was around anywhere
from noon to two in the afternoon and I've never seen anything like it and we've
been through plenty of 70-80 mph gales without any problem and I don't know if it

*O was the tide, the time of the month when the tides were strong or not but it was
pretty hard to estimate the height of the sea really, it depends upon how you

-: measure it but I would estimate the sea from the trough to the height of it was

*Length - 52 feet, beam = 15 feet, displacement = 27 long tons.

30
[--q



S:.- - - - _- - . . .. .- . *. - . . - . . - . . - .7. 7-

70 foot,* it's awful hard to cistimaLe but ob we tmild't climb it. the SEA FEVER

took two windows out."
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elevated waves in the rapid y risi,; w I in d.
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Unlike the steep, e evaled waves di.'ctss:d obese, Lhe wave data of Hurricane
u"amille permit only a limiLed cha1ieLer i oi wiat has been termed here "episodic
waves." Much of the informatioi' whi"l, permit s ,haracterization of such waves comes
as a result of recorded wave ncutmi1t cri lv .ii- a-i e )'pos) to time-series wave

height measurements. Those upiS-odi waves which are aligned with the local seaway
will be referred to as "I ir,c , (;rouped , I' i [lie absence of time-series waveheight measurements their classitication as eplsodic is arguable, but since they

are wave events which were easi iv remembered by t~h- tbsersers as being larger than
the other waves in the Jre,; i ig eaway t hey w i I lI be characterized in this dis-
cussion as episodic. Wave; which are distinct misaligned to the local seaway and
which cause ext'emCe sii, . C st rllti 1':!ins will be referred to as

'episodic wave pa c Again the epi,(djC Cehara.t or of the waves is inferred
from the descript iCl , ' IllW lV c1 w ' 111 til .1 tIt"..uL . -ii,' ra:ther than time-series
imeasurements of tht.i WaVe,
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the at-sea cabin and we got hit by a wave that I have no idea how big it was, but
it was by far the most severe jolt we had. And it just shook everything. The ship,
you could feel the shock waves in it which kept up for an appreciable amount of time
before it finally settled back down. Then at 7 o'clock on the morning of the 8th,
I got the same thing I had the afternoon before. I saw a wave out about a mile,
mile and a half, with a solid whitecap across the top which is what caught my
attention. I watched it come all the way in at flight deck level, the same thing
happened that happened the day before, lifted the bow and we were coming as we were
coming into the second one. About 20 minutes later at 7:20, I got hit by another
one, I estimate about 45 feet. Those are the four waves that in my estimation did
all the damage." After that time "it was just a rough ride."

Thus one episodic wave group occurred at 1600 hours on the 7th, one at 0415 on
the 8th (which apparently was the largest), and then two within 20 minutes of one
another near 0700 on the 8th. The change in wind strength with time during the
period was not given. Contained in the Findings of Fact 21 is the statement,
however, that "the storm began to abate during the night of 8 April, but wind and
seas remained high.w

The time-series character of these wave events appear to be similar to the
episodic waves of Figure 15, although obviously no firm conclusion can be drawn in
the absence of time-series wave height measurements during the storm under
consideration.

(2) S.S. SEA-LAND McLEAN* Extreme Hull Girder Bending Stress Measurements

On 19 December 1973, the SEA-LAND McLEAN proceeded down the English Channel in
gusty winds of 30 to 35 mph. As it moved west bound into the North Atlantic the
wind veered from south to west and finally northwest. The wind velocity dropped
early-on as did the barometer so that at 0840 hrs (GMT) the wind was blowing 10 mph
from the west with 5-foot waves at a barometric pressure of 28.68 inches of mercury.
Two hours later at 1050 hrs the barometer had dropped slightly to 28.66 inches of
mercury, but the wind had risen to 50 mph with an observed wave height of 25 ft.
In successive two-hour intervals the wind rose to 70, 80, 90, and 100 mph (87 knots).
At 1510 hrs with the wind at 80 mph, the ship was hove-to and remained that way for
approximately 6 hours at which time a violent slam occurred (the peak stressing
case), which prompted the captain to turn the ship around and run before the storm.

The midship bending stress trace corresponding to the extreme stress event is
shown in Figure 16. While the wave-induced bending component shown in Figure 16(a)
is larger than any other for the preceeding 1 1/2 hours, it was by no means episodic.
The extreme nature of the stress event is largely the result of the slam-induced
stress combined with it as shown in Figure 16(b). In this case, the dynamic stress
is much larger than any other during the two-hour data analysis interval. In
general, the ship showed very little tendency toward slamming although lateral
whipping was relatively frequent. During the stressing event in question, a large
lateral slam stress was induced approximately 1.6 seconds after the apparent bottom
slam. The vertical accelerometer at midships indicated that each loading was of
an impulsive nature.

*Length - 946 feet, beam - 106 feet, displacement - 47,700 long tons.
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Figure 16a -Wave Induced Longitudinal Vertical Midship Bending Stress
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No wave height measurements are available for the data analysis interval, nor
were visual descriptions available, so that the true character of the wave height
time-series can not be determined. The time-series of the wave induced bending
trace (Figure 16(a)), however, suggests a sequence in which a large wave was follow-
ed by an even larger wave and that the latter induced heavy slamming. This sequence
of events is similar to that which resulted in heavy slamming of the CV-62 as de-
scribed above and it is believed reasonable to conclude that large, grouped waves
were the cause of this extreme stress event. No conclusion can be drawn, however,
as to whether the wave group was of an episodic nature. The wave-induced bending
trace, in fact, implies that it was not.

(3) U.S.S. FAIRFAX COUNTY (LST-1193)* Observation of Large, Grouped Waves

The damage incident involving the LPD-12, which is reviewed in Section 5.
caused that ship, and the LST-1193 which was in company with it to turn and proceed
before the storm. During this latter phase of the storm, i.e., well after frontal
passage, a watch officer on the LST testified as follows:

"The barometer was steady, wind was from approximately 260-280 at 40-45 kts.
During this watch, the barometer rose at a rate of about 0.02 hour, the wind

* veered to the West/Northwest and decreased to 28 kts. The seas when I assumed the
watch were an average height of 30-40 feet. In addition, about every ten minutes,
a series of three waves of approximately 60 feet in height were observed. I reached
my estimate on the height of these waves based on the fact that their crests were
higher than my height of eye from the bridge which was 54 feet. Alsowhenever the
ship experienced a large wave series, she would pitch to the point of appearing to
"surf" down the wave face. On several of these occasions, I specifically noticed
that the derrick arm cross-walk, appeared from the bridge to be about 10 feet below

* the wave crests." 17  The officer in questionwhen interviewed later stated that the
reoccurring groups of three large waves were observed for a period of about 2 hours
out of his 4 hour watch.** The time-series character of the waves could not be
described with certainty because they approached from astern. The officer had no
recollection of the second wave in the group being substantially larger than the
preceding and following waves of the group. Based upon the ship orientation when
surfing down the waves, the distance between wave crests was believed to be signifi-
cantly greater than the ship length of 522 feet.

In this instance no ship damage or extreme motions resulted from the encounter
with these large, grouped waves, although steering difficulties caused them to be
easily remembered. This case is cited here because of the periodic appearance of
the wave groups under the existing synoptic wind field conditions which will be
considered further in Section 6.

O 5.2.2 Episodic Wave Packets

Waves of this type appear to be associated with relatively unique synoptic
weather conditions. With the exception of the wave data of Figure 15, their time-

*Length (hull) = 522 feet, beam = 70 feet, displacement = 8342 long tons.

**Since the ship was proceeding at 14 knots before the sea, this time period is
- longer than would have been not~ed by a fixed observer.
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series characterization is confined to the qualitative descriptions by ship's
"'-' officers and masters which are presented in Section 4. The long period (i.e. longU wave length) characterization appears to be reasonably well established, as well as

their tendency to arrive misaligned to the local seaway. This latter characteri-
zation is of considerable importance since it suggests that they are generated inCy

a remote wind field and that they are necessarily of a non-dispersive nature.

(1) M/V CHU FUJINO Wave Damage Incident:2 2

The M/V CHU FUJINO is a 127,000 ton bulk carrier 856 ft long, 133 ft wide, with
a summer draft of 57 ft, 9 in. It has a flush deck with bridge aft. On December
28, 1979, while proceeding fully loaded from Los Angeles to Japan in a severe winter
storm, it encountered an episodic wave which caused localized loss of watertight
integrity of a serious nature. The ship was proceeding at a speed made good of
about 1 knot on a course of 250'T with seas about two points (22.50) off the star-
board bow. Winds had increased to 75 knots producing observed wave heights of 30
to 60 ft with estimated periods of about 8 to 10 seconds. At about 1540 hours

-. (local) the ship was struck by a single wave estimated to be about 100 ft in height.
The ship's position was 34-30N, 150N at this time. The wave approached from about
700 off the starboard bow and thus at an angle approaching 450 to the prevailing
seaway. Damage consisted of the following:

4

"Stbd bridge windows smashed in. Stbd lifeboat washed away and davits
flattened to deck. Two stbd aft liferafts and foredeck liferaft washed away.
Sailing dinghy fwd of bridge smashed against port crane. Wing/ballast tank vents
damaged, baffle plates washed away, floats fell out, and wing tanks flooded. Bolted
engineroom access plating on deck fwd of bridge buckled and was torn loose, allow-
ing water entry to engineroom. Foc'sle storeroom; fwd pumproom; No. 1 and No. 2
double bottoms, port and stbd; forepeak tank - all completely flooded. Some water
in No. 3 topside tank stbd.",

2 2

Because of the engine room flooding the ship was totally without power and
hence steerageway for over an hour. Flooding forward was such that the ship became
25 ft bow down by 0130 hours or the 29th, with the fo'c'sle awash. At this point
the Captain radioed for U.S. Coast Guard assistance; however, the seas abated
sufficiently by morning that the flooded spaces forward could be pumped out and the
ship proceeded safely to Honolulu for repairs.

The following aspects of the damaging wave are believed to be of particular
interest. The reported swell heights of 30 to 60 feet are interpreted to mean that
60 ft was the height of the highest waves at the time. The significant wave height
would then be estimated to be about 60/1.65 or 36 ft which is close to the lower
value cited. For this significant wave height, a truly episodic wave would be
estimated to be 2.4* x 35 to 2.5 x 35 = 84 to 87.5 ft high which is slightly less
than the reported value of 100 ft. In the absence of clarifying comments, the wave

- would appear to be a single event although this is not certain.

Discussion of this incident will be deferred to Section 6.

*Based upon the characteristics of the episodic waves shown in Figure 15. The use

of these ratios must be regarded as entirely speculative at this time.
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(2) M.V. MUNCHEN* Sinking:

This German-owned LASH ship was lost with all hands during a winter storm in
the North Atlantic in December 1978. Because of radio transmission failures no eye-
witness details regarding wave characteristics or ship damage are available. The
findings of the subsequent Sea Court inquiry which are of primary interest here are
that sometime not long before 0310 hrs GMT on 12 December at a location approximate-
ly 100 NMi south southeast of location 460 15' N, 270 30' W the MUNCHEN was struck
by an extreme wave from forward and to starboard with attendant damage which led
to the ship's foundering on the 13th.

The particulars of their findings included the following:2 3 "The fact that, as
detailed by the experts Sandomeer and Dr. Pavlides, the starboard lifeboat, without
being used, was torn out of its securings, speaks for the fact that the MUNCHEN was
hit from forward by one or more enormous seas on the starboard side. This striking
sea - with great probability - also caused heavy damages in the bridge area. This
must have resulted in water ingress and subsequently in a starboard list, possibly
up to 500. Speaking also for this is the, likewise garbled, distress call relay
report from the MARIYA ERMOLOVA. The water ingress must have led in shortest
time to the breakdown of the main power supply of *at least the W/T sphere. It must
also be supposed that the antenna system of the MUNCHEN suffered such heavy
damages that it was no longer functional. The Seeamt is convinced that the SOS call

* .' of the MUNCHEN received by the MARION was transmitted with the battery-driven
emergency transmitter with reduced output. Because no other message was received
from the MUNCHEN after the SOS calls at 0310 hours GMT and 0315 hours GMT on
12 December 1978, the Sea Court has come to the conviction that the emergency trans-
mitter also broke down. Probably the lifeboat transmitter held on the navigation
bridge had also previously been made unserviceable by striking seas.

"The Seeamt also gave thought as to what the word "Articas".could have meant,
which was transmitted and received by the MARIYA ERMOLOVA. The most plausible
explanation is seen by the Seeamt as being possibly an error in reception by the
Russian radio officer, who did not clearly understand the word "antenna" and inter-
preted it as Articas.

p "Based on the result of the testimonial evidence the Seeamt is of the opinion
that the MUNCHEN did not sink before 1100 hours GMT on 13 December, 1978. This
conclusion is justified as the signals from the radio distress buoy were first heard
at this point of time by several stations, although other ships, also beforehand,
were in the possible receiving range of the buoy.

"The interrogation of the experts Dr. Pavlides and Sandomeer elicited the infor-
-. mation that both salvaged lighters left the parent ship longitudinally. This speaks

decisively for the MUNCHEN having foundered without having a severe list and being
out of trim. From this follows, also, that the NUNCHEN cannot have been broken by
failure of the longitudinal members or have capsized from insufficient stability."

Discussion of the incident will be deferred to Section 6.

*Length = 858 feet, beam = 100 feet, displacement = 37,000 long tons.
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(3) U.S. NAVY FRIGATE Wave Damage Incident:24

This FFG-7 class* shipswhile proceeding south on 12 February 1982 off the Oregon
coastencountered an episodic wave of relatively small proportions. The first wave
of the two successive waves which were encountered (about 5 seconds apart) was
estimated to be approximately 30-ft high with the appearance of a "wall of water,"
The first wave destroyed one bridge window and heavily damaged another. (The windows
were judged by personnel on the bridge to have been hit by aerated rather than solid
green water.) Bulwarks forward were flattened with some local loss of watertight
integrity where supporting members were pulled from the deck.

The waves at the time were described as being 10-to 12-ft high with a 7-to 8-
second period at a bearing of 220 0T. The local wind strength was estimated to be
25 knots and gusting from the west. The ship heading was 190*T. The episodic wave
approached from 200 off the port bow which placed it at an angle of approximately
50' to the local seaway. The ship's barometer recorded 29.45 inches Hg (993 mb) one
hoi!r before the incident and 29.64 inches Hg (1004 mb) one hour after with a wind
shift from west to northwest and an increase in strength from about 25 to 38 knots.

The approximate 11 ft significant wave height of the existing seaway when
multiplied by a ratio of extreme wave height to significant wave height of 2.4-2.5
to I would suggest an episodic wave height of approximately 26 to 27.5 ft. This
height range is relatively close to the observed wave height of 30 ft.** The
approach of the wave at a substantial angle to the local seaway is believed here to
be characteristic of this type of wave event based on the casualty information
presented above and the previous comments of ship masters et. al. regarding
extreme wave packets.

The damage trends are quite consistent with cases described above in the
following respects:

(a) No hull girder structural integrity problem occurred. Damage was due
primarily to local wave impact loadings and was dangerous mainly because of
associated losses of watertight integrity.

(b) Window failures occurred. This result is similar to that involving the
LPD-12 to the extent that it involved window damage as a result of water thrown
against the bridge upon encountering a large, steep waveand further that window
failure occurred without substantial damage to the supporting bulkhead structure.

6.0 DISCUSSION

The following discussion considers the possible origin of large, non-Gaussian
and episodic waves and of their potential effects on ships.

*Length = 445 feet, beam = 45 feet, displacement = 3710 long tons.

**Based upon the characteristics of the episodic waves shown in Figure 15.
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6.1 Origin of Large, non-Gaussian and Episodic Waves

Much of the information presented in this report regarding such waves is
circumstantial.as opposed to information obtained by direct measurement under known
or controlled conditions. Notwithstanding this serious limitation, the observations
and generalizations which follow are put forward in the spirit of an initial effort
to describe and understand the origin of large, non-Gaussian and episodic waves.

Table 2 is a sumiary of the information presented in Section 5 which has been
used to characterize the waves discussed in that section. The following additional
comments are offered..

6.1.1 Steep, Elevated Waves

The appearance of waves of this type during Hurricane Camille.,when the ambient
wind velocity was rising rapidly together with the circumstantial evidence of the
casualty cases cited above, are believed to provide justification for anticipating

* . the existence of such waves under the associated synoptic wind field conditions.
Two qualifications of this generalization should be noted however. First, the
episodic wave which occurred at 1222 hours during Hurricane Camille indicates
clearly that such waves can occur (at least in an isolated case) under other wind
field conditions. Second the half-cycle analysis of wave data between 1530 and 1600
hours,2 as well as unpublished data for the period 1600 to 1617 hours, shows a less
distinct trend toward positive mean elevation among the larger waves in the seaway.
At this point in the storm, there is an evident tendency toward a more broad-band,
Gaussian character to the larger waves in the seaway. There is insufficient wave
data to permit generalization but it is possible that wave characteristics began
to undergo further change near the eye of the hurricane.

The long-crested nature of the steep, elevated waves is regarded as surprising
given their elevated character and the obvious possibility that they could result
from the overtaking of one wave by a larger and faster wave in a seaway dominated
by short-crested waves. An alternative possibility is postulated by Yuen and
Lake2 5 9

2 6 who discuss "non-linear coherent" wave models.

They state:25 "Traditionally, a wind-wave system ha8 been regarded as a
basically linear incoherent superposition of free infinitesTca] 1 ave components; all
components obeying the dispersion relation and propagating with different speeds.
Effects of nonlinearity have been calculated based on these assumptiens. We refer
to these traditional models as near-linear incoherent models (see fEr example,
Hasselmann 1962, 1963, 1967). More recently Lake and Yuen (J 76)' 'iave proposed
a drastically different model, which postulates that wind-wave systems can be
basically nonlinear and coherent. When a wind-wave system is ioz:r in this
sense, the effects of nonlinearity on the dynamics of the Fystell a- predominant
over the effects of randomness. In its simplest form, e, ,r-- 1rjnsiona1 context,*
such a wind-wave system can be characterized to first order !r, a singil, nonlinear
wave-train having a carrier frequency equal to that of th Jominint fr,:4 tuency in
the wind-wave spectrum. We refer to this model as the noi, Luear coherent model.

*That is, infinitely long-crested waves.
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TABLE 2 - AN INITIAL CHARACTERIZATION OF LARGE NON-GAUSSIAN AND EPISODIC WAVES

TYPE CHARACTERIZATION BASIS FOR CHARACTERIZATION

I. Steep, * Steep and elevated above mean * Time-series wave data from
Elevated water level Hurricane Camille (see Figures

Waves 9(b) and 11) and associated
0 Period as low as 70% of modal wind velocity increase.
period

- Casualty cases associated with
, Elevation/amplitude ratioms strong rapidly increasing
0.5 winds:

- SEA-LAND MARKET
*.Produced by strong, rapidly - LPD-12

increasing winds - CHESTER A. POLING

- F/V FAIR WIND
Long-crested (see figures
12 and 13) * Observations by officers from

ocean weather ships

II. Episodic Waves*

a. Large Group of three large waves in * Waves encountered by CV-62

Grouped seaway. Second wave frequent- SEA-LAND McLEAN, LST-1193

Waves ly largest in group.

,.Occur in storm winds which
are no longer increasing, or
vwhicfi have begun to decrease.

b. Episodic * "Three Sisters": group of - Observations by officers from
Wave three long.period waves ocean weather ships as well as
Packets intruding into existing sea- ship masters of considerable

way at angles of about 30 at-sea experience
degrees frpm principal wave
direction. Generally occur
in vicinity of storm with
central winds of 60 knots or
more"

*"Rogue! Wave; large breaking * Rogue Wave encounters by U.S. a
wave intruding into existing NAVY FRIGATE, CHU FUJINO,
seaway at angles up to 50 MUNCHEN and associated synoptic
degrees from principal wave weather patterns.
direction. Likely to occur
in vicinity of upper altitude
"TROF" as it overtakes an

0 :existing or developing low.
High altitude comma shaped
cloud usually associated
with TROF.

S," *Note: These characterizations do not necessarily apply to waves in Agulhas current
(S.E. Coast of Africa).
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V "The main difference between the two moduls lies in their respective predictions

regarding the properties of relativly highi modes. 'lhe near-lineai incoherent models
*- would predict that all wave com oIm-nt. . ' free .,i.d obevy tile dispersion relationship,

and hence travel with different speeds. tin the ot her hand, the nonlinear coherent
model would have the higher modes phase-locked LV tii domitnant wave, and hence
traveling with the speed of the dominant wave." [This characteristics is postulated
from properties of wind waves generated in a test tank.]

"Lake and Yuen (1976) have performed lhbohrauy experiments to test the
predictions of these models against laboratory measuremenits of wind-generated waves.
In one series of measurements they bandpass-filtetred the records from pairs of
closely spaced probes and used cross-correlation techniques to determine the
propagation speeds of individual wave component!s. ftel r stwchaei
complete agreement with independent measurements made by Ramamonjiarisoa and Coantic
(1976), demonstrate that under laboratory conditions wind waves are nonlinear in the
sense of the nonlinear coherent model since all higher modes travel with a single
speed - the speed of the dominant wave."

The major finding of the experiment was that the higher frequency energy in the
wind wave system was transported at the group velocity of the dominant waves rather
than at speeds predicted by the linear wave JJ.P;persion relation. rhe dominant
waves thus tend to collect energy from the smaler waves in the seaway. Since the

dispersion relation for linear waves* causes waves of different wave length to travel
at different speeds, it helps to account for the basically random character of a wind

-- driven seaway. Evidence that the dispersion relation is violated under some condi-
tions is therefore of considerable importance when attempting to account for the

existence of "non-Gaussian" waves.

As applied to the situation at land, tht, pos tulat.ions of Yuen and Lake have
certain difficulties which should be notcd here. During Hurricane Camille. a half-
cycle analysis of the wave data identLitied non C:.itsian and episodic waves and
found that such waves were very much i n Lh- mitnority, I.e., even when they occurred
the seaway was still predominately Gaussian and that when the steep, elevated type
of wave began to appear, the seaway was only "over driven" by a factor of about
50/34 = 1.5.** In the laboratory e:,perimunotuL oi Pfu-n lnd Lake the test wind speed
was on the order of 20-35 ft/sec26 while the modal pe(riod reported was 1/3 liz =

0.33 sec. which would correspond to an aver.g;e wnmI speed of only about 0.8 ft/sec
for a fully developed sea of this modal perid (ee Figure 7(a)). The seaway in the
test tank was thus overdriven b)y a ti(to" L e 01 W011 /(i - 3' whlich is well
removed from the wind-sea condit ions o Hurri:Lane Caniil1,.

These observations are not consider(.d to detrarct from the importance of the
laboratory experiment, however, which slhiow ; that the linear wave deep water
dispersion relation governing wa%,u propagation sped, C'an be substantially violated
in the generation of wind wave:.,. I! le thl('V at tie1 dominant waves to collect

* 'gk where f. = requency o; ,,t,, , o:i t , amid k t 2171 whIe , re

wave length, and g = gravit;iti oial ill, ii,

**Ratio of existing average wind !',d ! vi! it ,11 ia produce a timlly developed
. seaway having the exist ing zi,it., , p ,,
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energy from the smaller waves is primarily a function of the steepness of the larger
waves then the fact that the test seaway was substantially overdriven may not be

of great importance.

6.1.2 Episodic Waves

Table 2 identifies large, grouped waves as one broad category of episodic wave
and episodic wave packets as another. The discussion which follows deals almost

. exclusively with the latter based on the presumption that an understanding of its
origins is likely to provide an understanding of the origin of the former.

The observed characteristics of episodic wave packets (see Sections 4 and 5
imply certain properties of these waves which appear remarkable at this

* point. The first relates to the apparent non-dispersive quality of the waves which

is implicit in the appearance of a packet of waves from a direction substantially
inclined to the local wind field and seaway. The energy of the wave packet has

V%' evidently remained intact over a considerable distance, at least in terms of the
lengths of the waves involved. The second remarkable quality is that the waves are
very large with respect to the local seaway which implies the existence of very
strong winds substantially inclined to the local wind field somewhere upwind in the
storm. Since the wave packet cannot be expected to be infinitely long-crested, it

* could never be truly non-dispersive.*

A physical distance over which the packet could be regarded as essentially
.. non-dispersive is likely to be small in terms of the distance associated with the

wind field of a winter storm. A distance on the order of 10 to 50 miles, for
example, is small with respect to the distances over which substantial changes in
wind direction normally occur in a major storm (excluding the area near the center
of the storm for the moment). The appearance of a large mis-aligned wave packet
thus appears to require a wind field characteristic almost as unusual as the non-
dispersive wave packet itself.

6.1.2.1 Non-Dispersive Wave Packets. Waves of non-dispersive character have
been known to be possible in shallow water for well over 100 years. It is only in

the last 15 years, however, (beginning about the time of the analyses and experiments
of Benjamin and Feir 2 7) that the non-linear properties of deep water waves have been
studied at length. As the result of these studies the existence of deep-water non-
dispersive waves has been predicted and demonstrated in a small test tank. An
excellent overview of these developments is provided by Phillips.' Of particular
interest here is the work of Yuen and Lake2 9 who demonstrated (again in a small
tank) the non-dispersive nature of deep-water "envelope solitons", which had been
predicted earlier as the result of a solution of the non-linear Schrodinger

equation.29  The experiments further demonstrated properties of a wave packet which
*; will be termed here the "imperfect soliton wave packet" that is of considerable

importance given the very specialized nature of the envelope soliton, namely, a wave
group of uniform period having a modulation envelope corresponding to the hyperbolic

secant. Since it is extremely unlikely that in nature long-crested wave paclets of

*Because of amplitude dispersion. For waves of finite amplitude vgk [I + 1/2

, (ak)2], where a - wave amplitude. Thus the center of i short-crestod wave can be
expected to travel faster thin the outer (lower) portions and hence cause the
wave to disperse.

42

"-." .' ."..'-.'-''.''.' "." . " , - "." " ' , 7 '.'. '7 .'-''.' "" " , " - ".' " "



W \' * h -.. •. .

. .

this precise description are ever generated by a wind field, the fact that the
imperfect* soliton wave packet was both predicted and demonstrated to be stable to
the extent that it reforms to an idealized packet of fewer and higher waves is of
considerable practical importance. The evolution of the imperfect soliton wave
packet to fewer and higher (and necessarily steeper) waves is interesting in view
of the existence of "rogue" waves which could thus be explained in part as the
breakdown of an imperfect soliton wave packet which was never so well formed
initially as to permit the evolution of a stable packet.

Such a possibility is, of course, pure speculation at this point. In fact,
no explanation is suggested here as to a mechanism by which wind can generate even
an imperfect soliton wave packet. The possible development of long-crested waves
in a seaway, which is clearly a condition for the existence of the soliton wave
packet, is nevertheless suggested by Yuen and Lake2 5 above and certainly by the
large waves of Figures 12 and 13. The existence of large, grouped waves (see Table
2) further suggests that the packet could have its origin under wind field condi-

- .- tions which produce this type of episodic wave group.

While modern developments in non-linear wave mechanics do not provide a
completely satisfactory explanation of the origin of episodic wave packets, it is
suggested here that they provide an initial foundation.

As noted under Section 6, the existence of episodic wave packets implies the exist-
ence of a storm-related wind field of considerable strength with a spatially abrupt
change in direction. The research of Sanders and Gyakum provides evidence of the
existence of the inferred wind field as part of a broader study of rapidly develop-
ing winter storms which they characterize as the "bomb."

4.- For purposes of their research the authors define a "bomb" as a rapidly

developing extratropical surface cyclone (typically a winter storm) whose central
pressure decreases 24 mb or more in a 24-hour period. They investigated storms
meeting this criterion during the period September 1976 to May 1979 as to their
characteristic development, locationand frequency, and to a lesser degree the
surface wind field development which is the characteristic of prime interest here.

With respect to characteristic development, they find that the overtaking of a
surface low by a faster moving, upper altitude TROF** generally precipitates "bomb"
development. This condition can usually be identified by comparing the surface
weather map, which locates the low, to the corresponding map drawn for a pressure

. altitude of 500 mb, i.e. approximately 18,000 ft, which best identifies the • oach-
ing TROF. As the storm intensifies, the region of strong and rapidly shiftin6
surface winds associated with the TROF (now a major surface event) is usually
evidenced by a major "head cloud"'3 ° or "comma shaped" cloud 3

1 as seen in satellite
photographs of cloud formations. As characterized by Reed, the head of the comma-
shaped cloud will generally lie near the center of the low, while its trailing edge

-* . will mark the axis of the TROF. Because of the relatively higher speed of the TROF

*Imperfect with respect to the modulation envelope only in the Yuen and Lake

experiments.

**Typically a region (or band) of low pressure connected to a surface low and
having U- or V-shaped isobar coqtours. 31
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... it will frequently overtake and pass the occluded cold front. In addition it is
not uncommon for a new TROF to form behind the original one as illustrated by Reed.31
(See also discussion of M/V CHU FUJINO episodic wave encounter in section

SI 6.

A relatively dramatic example of the strong and abruptly angled surface wind

field associated with "bomb" development is shown in Figures 17(a), (b), and (c)
which are taken from Sanders and Gyakum. 3 Early development of the storm at 00
hours GMT on 4 February 1975, Figure 17(a), shows essentially routine cyclogenesis
with the exception of a wind vector near 40 N, 65W which indicates locally observed
60 knot winds from the west in contrast to the adjacent vectors which indicate
winds of only 20 to 25 knots. Figure 17(b) shows that 12 hours later the central
pressure has dropped abruptly from 1000 (29.5 in. of Hg) to 968 mb (28.5 in. of Hg).
Winds have generally increased and locally high winds of 45 and 60 knots are now
observed near 40 N, 50-60 W. The presence of the TROF is clearly in evidence 12
hours later as shown in Figure 17(c) where the high curvature of the isobars show
it extending southward from the center of the low. The central pressure is now
944 mb (27.8 in. of mercury) with local winds of 50 to 60 knots. Two wind vectors
along 45 W in the vicinity 45 N identify a local region with winds of 75 to 60 knots
from the north. The isobar pattern in the region of the TROF shows nearly a 90
degree change in direction along the isobar at which these high winds are reported.
The anomolous character of the wind field is further indicated by the fact that 6

-? isobars (48 mb or 1.4 in. of mercury) removed from the center of the low, winds of
75 knots are reported in contrast to the central winds of 50-60 knots. Because of
the lack of ship observations near the TROF, particularly in its eastern half, the
spatial abruptness of the wind shift is open to speculation.

Figure 18 illustrates the usefulness of satellite photographs in identifying
the presence of a TROF by the existence of the associated "comma-shaped cloud".
The TROF at this stage of storm development is aligned with and close to the trail-
ing edge of the comma cloud and again the region of abrupt wind shift coincides with
the axis of the TROF. Strong winds are reported locally (see 1008 mb isobar), this
time immediately to the east of the axis of the TROF. Again the available ship
observations do not permit an adequate mapping of the rapidly changing strength and
direction of the wind field in the vicinity of the TROF.

.- 6.1.2.2 Ship Damage Incidents Involving Episodic Wave Packets. At the present
time no well documented encounters with episodic wave packets of the "three sisters"
variety are available for analysis presumably due to the fact that, while encounters
with them produce severe rolling, they do not necessarily result in major structural
or other noteworthy damage. The episodic wave packets of Figure 15 provide time-
series data which have ratios of maximum wave height to significant wave height of
2.4 and 2.5 to 1 which may well be representative. There is no basis, however, for

* concluding whether or not the wave packets involved were misaligned to the existing
seaway. If they were, then of course the time-series data of Figure 15 could be a
valid tim- Reries characterization of the "three sisters."

Whereas wave packets of this type have not resulted in notable damage incidents
(within the scope of this study), the opposite is true of "rogue" waves. In section
5 above, three damage incidents known or believed to have been caused by
forogue" waves were summarized. These incidents will now be examined further.
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(I) M.V. MUCHEN Sinking

The ship casualty was believed by the investigating court to have been pre-
cipitated by the MUNCHEN being "hit from forward by one or more enormous seas on
the starboard side."2 3  The discussion above suggests that such a "rogue" wave
event might involve the wind field associated with a TROF in a winter storm.

Surface weather maps appropriate to the time and location of the casualty are

presented in Figure 19. It is apparent that no indication is given of an abruptly
changing wind field. Figure 20 on the other hand shows that a comma-shaped cloud

has formed and passed over the casualty site near 0600 hours which infers that a
TROF was encountered at about the time of the distress message. Since the cloud
formed and moved eastward from longitude 35 W to 20 W (i.e. approximately 46 x 15 -

690 N Mi) in 12 hours, its speed of eastward movement was approximately 58 knots.

The rate of formation of the cloud into the comma-shape characteristics of the early

development of a surface TROF was also very rapid. Unlike the cases of cyclogenesis
studied by Sanders and Gyakum, the low overtaken by the TROF here was already an
intense winter storm having a central pressure of 968 mb (28.6 in. of mercury) at
1200 GMT on the 11th. It intensified at 0001 GMT on the 12th to 952 mb (28.1 in.

of Hg) near the time of the initial casualty.

The Mariners Weather Log's listing of Selected Gale and Wave Observations,
North Atlantic for November and December 197832 contains additional evidence of the
passage of a TROF. The EXPORT PATRIOT, whose position is noted in Figure 19(a) and

(b) (the only times for which dat;a were given) wa-; slightly west of the MUNCHEN at
0001 GMT on the 12th. It reported wind:; of 5' kn.ts from 270 degrees at 1800 br
GMT on the 11th and 55 knots winds from 230 degres at 0000 hrs on the 12th. The
surface air temperature had also dropped fro, 1? to 7'C during the interval,
further suggesting passage of the TRO(F Tnditd in Fi.ure 20. The seas at 1800
hrs were reported by the EXPORT IATR 01 as 29.', it whi I at: 0000 hrs they were
reported as 39 ft.

Although no firm conclusion can be drawn r, girding the likelihood of a "rogue"
wave having existed at the Jiriit Litl ,;'s!ty siic ha.ed on this information, the
foregoing observations are t everthe(ii;., helic,.,.d to be supportive of the Maritime
Court's belief that the MUNCIIEN .. s -;t rod "by ,,e or more enormous seas".

(2) M/V CHU FU.JTNO Wave I)amage Incident

*1'4
TTT The surface weather Tmp+S r,-1at,(,d thl t-he >1l'ClEN casualty, Figure 19 and

the corresponding maps for the episodic ("rogue") wave encounter by the CHU FUJINO, 0
of Figure 21 show considerable similarity. Phe comma-cloud pattern of Figure 22(a),

however, was well dtveloped :-;one '.'/ !urs, b'or', t,e damage incident In this case.
Moreover, the surface analysis Tmp o' Figure ;'.2 (b) when compared to the cloud pattern
shows that the TROF had ,ilrendy Ive?+ikoil thr OIuded cold front at that time. Theprojection of the mot ion ot t( , +tci i outjlitl t! ho :>t +' o r h w i iu e 2 ()

suggests that the CHU FU'JIN() encotnti.rrd a :t(,tland simaller TROF-like wind field

originating at the he,-id of the t+mr-+d t:!.,,i, by 0140 GMT when the episodic

wave was encountered. The c:loud pi.l| tci -,;, J i+,i tt+  i ac. c ,cather map in th is case are

very similar to those foun, h. Ht: :i ' ; it ithI the capsizing of NOAA
Data Buoy EB-21 on 2 Jantinry 19/: ;it- /,o, V< 't.. i t, ho finds four cap-

sizings to be associ:itcd -.,ith t lit i : ,i .. , 0 ki. -  thL! center o f the
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Figure 20a -Comma Cloud Forming
and Approaching Casualty Site:

* 12 December 1978; 0001 GMT

®CASUALTY SITE

Figure 20b -Comma Cloud Passing
Over Casualty Site:

12 December'i978; 0600 GMT
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Figure 20 -Satellite View of Cloud Formation in Vicinity of 1,RNCHEN
Near Time of Distress Call at 0310 GMT on 12 December 1978
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Figure 21a - Surface Weather Map for 28 December 1979; 1800 GMT
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Figure 21b - Surface Weather Map for 29 December 1979; 0001 GMT
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Figure 21c - Surface Weather Map for 29 December 1979; 0600 GMT

Figure 21 - Surface Weather Maps for Vicinity of Cl'U FUJINO Near Time of
"Rogue" Wave Encoutiter at 0140 GMT on 29 December 1979
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Figure 22a -Head of Comma Cloud Approaching Site of Rogue Wave Encounter
(Photo taken 0052 GMT on 28 December 1979)
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Figure 22b -Surface Weather Map for 28 December 1979; 0001 GMT

Figure 22 -Approach of Head of Comma Cloud to Site of "Rogue" Wave Encounter
by CHU FUJINO at 0140 GMT on 29 December 1979
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storm and well behind an occluded cold front. He further notes9 that the large (10
meter diameter) discus buoys have withstood much higher significant wave heights
including those resulting from hurricanes in the Gulf of Mexico without capsizing.
He believes that the unique wave conditions associated with the passage of the TROF
are a critical factor.

The TROFs associated with the capsizings appear to be typically associated

with the head of the comma-shaped cloud pattern during a later phase of the storm
when the original TROF associated with transient intensification has moved east-
ward. The tendency for the critical wave condition to be associated with a later
phase of the storm development is believed reflected in the isopleth patterns of
rapid storm ("bomb") development presented by Sanders and Gyakum.3 0  Figure 24
locates NOAA, data buoy capsizingsand the episodic wave encounters of the MUNCHEN
(presumed) and CHU FUJINO with respect to the isopleth contours. These can be seen
to lie near the eastern edge of the regions most often associated with "bomb"
development as might be expected if they were associated with latter (or subsequent)
phases of storm development.

(3) U.S. NAVY FRIGATE Wave Damage Incident

Although there are certain aspects of the wave encountered by the NAVY FRIGATE
which are similar to those encountered by the M.V. MUNCHEN and M.V. CHU FUJINO (see
5.2.2), the general synoptic weather pattern was considerably different. The sur-
face weather map of Figure 25 shows a warm front passing the vicinity of the ship
at the time of the incident. No wind vectors exceeding 35 knots are shownwhich is
consistent with the generally low sea state (10-12 foot waves) observed at the time
by the ship. The intruding episodic wave packet from the south southeast implies
stronger winds blowing from that direction south and east of the ship's location
contrary to the implications to the surface weather map. Wind vector data furnish-
ed by the SeatLle Oceans Services Unit of NOAA 34 for a time six hours before the
incident* shows surface winds of 35 knots from the southeast off the lower Oregon
coast which are substantially misaligned to the isobars of Figure 25. The extent
of this particular wind field in relationship to the ship's location can not be
determined from ..io available information. As in the case of the MUNCHEN and CHU
FUJINO, it is clear that the surface weather map, due to a lack of closely spaced
observations from ships at sea, is inadequate for describing the wind field in the
region of the episodic wave event.

In this case, weather satellite views of the associated cloud pattern show no
evidence of a TROF interacting with a surface low since there was no major storm
activity involved in the immediate area. The incident is believed to illustrate
that abruptly angled wind fields can exist under conditions much less drastic than
those associated with the MUNCHEN and CHU FUJINO, and that rogue waves of smaller
proportions can also be encountered.

6.2 Effects of Large Non-Caussian and Episodic Waves on Ships

The encounters with large waves described in Section 5 are also of interest
from a structural design point of view. Because of the limited number of incidents

*Observations for a time closer to 0600 GMT on 13 February 1982 are not

available.
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which have been reviewed, the damages are significant primarily from the point of
view of evident relationships between wave characteristics and the particular
damage which they caused as opposed to general damage trends per se.

6.2.1 Steep, Elevated Waves

The CHESTER A. POLING casualty is believed to demonstrate that large waves of
this type can result in wave induced bending moments of a substantial nature in the
case of ships of relatively short length. The time-series character of the waves as
shown in Figure 11 and as implied by Figures 12 and 13 suggests that the resulting
sagging moments will be influenced substantially by the heaving motion of the bow
of the ship as it encounters such a wave especially in the case of ships with con-
siderable fullness forward. The high incidence of "bomb" development along the
U.S. east coast shown in Figure 24 identifies an area of concern for coastal vessels
which might otherwise be expected to avoid such extreme wave conditions.

The SEA-LAND MARKET and U.S.S. SHREVEPORT illustrate that the combined size
and steepness of these waves can result in significant damage forward when the ship
in question is long and does not rise rapidly as the wave is encountered. Obviously
hull form forward and over-all ship length are important characteristics in deter-
mining whether or not the existence of such waves requires special attention in the
structural design of the foreship area.

The F/V FAIR WIND casualty raises questions which are primarily of a non-
structural nature. Vessel stability and especially optimum handling tactics in
large, breaking waves such as shown in Figure 12 appear to be of primary concern.

Although no casualty case has been examined in this study comparable to those
-,-. discussed by Szostak 3 s relative to large tankers, it is believed reasonable to

conclude that large, steep waves can lead to substantial local hydrostatic loadings
on large, fully ladden tankers which are swept by such waves. The short wave length
and elevated nature of the waves implies that such ships will have a limited tendency
to rise upon encountering them and that unusual depths of green water on deck can
occur. The hydrostatic crushing-loads on web frames under these circumstances are
likely to be important. Thus the recommendation by Szostak 35 that water depths on
deck be related to actual wave characteristics as opposed to "design wave" heights
is believed well taken.

6.2.2 Episodic Waves

The large grouped waves encountered by the S.S. SEA-LAND McLEAN and U.S.S.
INDEPENDENCE illustrate that the time-series character and large size of these waves

can result in substantial hull girder bending stresses in long ships, especially
when the hull form is such that heavy slamming can occur when the second wave in
the group is encountered. The lack of identifiable time-series height measurements
for such waves is a serious deterrent to a more deterministic understanding of their
effect on long ships (and additionally from the point of view of recreating such

. waves at model scale in test tanks).

Episodic wave packets of the "three sister" variety appear to be of immediate

interest from a cargo tie-down point of view considering the large roll angles
which they are likely to induce. Again the lack of indentifiable time-series wave
height data is unfortunate.
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The "rogue" wave encounters by the M.V. CHU FUJINO and U.S. NAVY FRIGATE and

presumably by the M.V. MUNCHEN are doubtless the most disconcerting incidents
examined here with respect to critical wave proportions and attendant structural

% damage. Such wave events appear to be sufficiently infrequent that the prospects
of obtaining applicable time-series wave height data are poor. Other possibilities
may have to be considered in the instance.

- .- From the point of view of improving ship structure to withstand "rogue" wave
loadingsthe prospects are somewhat better. The damages associated with the CHU
FUJINO and the U.S. NAVY FRIGATE involved the effects of wave impact loadings on

local structure primarily. Damage which would appear to require major strengthening
of the hull girder was not in evidence. By inference the same may be said of the
MUNCHEN. Since "rogue" wave encounters are very infrequent, repairable damage is
suggested here as being entirely acceptable so that the primary concern in structural

design is the maintenance of watertight integrity.

The CHU FUJINO damages are instructive in this regard:

(a) "Bolted engine room access plating on deck forward of bridge buckled and
torn loose, allowing water entry to engine room.'" The ship was without power
entirely for about an hour following the incident.

(b) "Wing/ballast tank vents damaged, baffle plates washed away, floats fell
out, and wing tanks flooded.- "Foc'sle storeroom; fwd pumproom; No. 1 and No. 2

double bottoms, port and starboard; forepeak tank-all completely flooded." Sub-

sequent cumulative flooding nearly caused the ship to founder.

(c) "Starboard bridge windows smashed in. Starboard lifeboat washed away and
* davits flattened to deck. Two starboard aft liferafts and foredeck liferaft washed

away." The inferred loss of primary radio transmission capability in the MUNCHEN
*] casualty and the loss of its starboard lifeboat suggest that similar and perhaps

more severe window and other deckhouse damages may have been experienced in that
instance. (It might also be noted in passing that a local loss of watertight

* "integrity under less trying circumstances was noted by the S.S. LASH TURKYIE in
- Case 23 of Table A-i of Appendix A). Bridge window failures were also experienced

by the NAVY FRIGATE even though the rogue wave encountered was substantially smaller

%" than that encountered by the CHU FUJINO.

The suggestion here is that loss of watertight integrity due to excessive
deformation or structural collapse due to any wave encounter should be considered

as prima facie evidence of a need for improving the ultimate strength of the
component involved provided improper fabrication, securing, sealing, etc. was not
in evidence. "Hardening" or elimination, or relocation of components in such
empirical fashion could be of considerable importance in assuring that loadings

associated with "rogue" wave encounters will not jeopardize the watertight integrity
1.. of a ship. While a more rational understanding of such wave loadings is desired, it

is believed that structural improvements need not wait for this to be achieved.

7.0 CONCLUSIONS

(a) Despite certain semantic and perceptional problems, the identification of
large, non-Gaussian and episodic waves in Hurricane Camille wave data by half-cycle
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analysis techniques has provided a basis for discussing damaging storm waves during
interviews with ship's masters and officers of considerable at-sea experience. The
results of these interviews confirm earlier indications of the potentially damaging
nature of such waves. The additional characterization of these waves with respect
to long-crestedness and alignment or misalignment with the dominant wave pattern of
a storm-driven seaway has been of vital importance in establishing an initial
characterization (Table 2).

(b) Recent developments in the mechanics of non-linear waves and in the study
of rapidly developing winter storms provide important clues regarding the synoptic
weather conditions associated with the development of large, non-Gaussian waves.
In this regard, the type of winter storm characterized by Sanders and Gyakum 30 as
"the bomb" appears to be of considerable importance.

(c) Wave impacts are a major cause of heavy weather damage as compared to over-
all hull girder loadings. Thus research associated with ship structural loadings
in extreme seas must also deal effectively with this class of problem to be of signi-
ficant value to practicing naval architects.

(d) Maintenance of watertight integrity appears to be the primary require-
ment (chiefly involving doors, hatches, ventilators, windows, etc.) when a ship
encounters a "rogue" wave. It follk that significant losses of component water-

tight integrity in heavy weather of ', type should be examined critically with
respect to the need for structural ei other modifications in order to assure safety
under the extreme conditions associated with "rogue" wave encounters.

8.0 RECOMMENDED PROGRAM OF RESEARCH

It has not been possible within the scope of the present study to pursue in a
substantive manner the many initiatives which have evolved during its conduct. A.s
a result, the program of research which is recommended here is both diverse and, in
some cases, tenuously charted because of limited progress to date in certain areas.
Nevertheless, if a rational understanding of ship structural loadings in extreme
seas and of associated strength standards is to be realized, the recommended pro-
gram can not be arbitrarily limited to familiar areas of research or to tasks whose
approach is necessarily clear and well defined.

8.1 Continuing Survey of Ship Damages and Extreme Wave Encounter.

The interviews with ship's masters and officers conducted in this s-tudy should
be restructured and expanded to permit interviews with ship's personnel at the
earliest opportunity following major heavy weather damage incidents rather than
long after the fact. Moreover, certain basic information should be athk.red ' l
documented form. There is at the present time a network of cooperatin,. s - wlhicli
periodically furnish local wind, wave, and meterological information to th U.,.
National Weather Service. If this network could also furnish information rc,,,rdic,'
extreme wave encounters and related ship damages on those infreqluent occasion when
there is a significant incident, there would exist considerahk potent ial K,- idd.inni
to the information gained from the intervLews summarized here as wo'I as add in to
the type of information obtained regarding the CHU FUAJNO and the V.S. I A V JI.I;l
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wave damage incidents.* A condensed version of the present report could serve as
an introduction to such an information gathering program.

Consideration should also be given generally to gathering information regarding
structural components which fail to maintain water tight integrity under wave impact
loadings particularly those which, under extreme wave conditions, could disrupt
radio communication, cause loss of control or ship powering, or cause serious loss
of ship stability or buoyancy.

8.2 Wave and Wind Data Acquisition and Analysis

The information obtained from Hurricane Camille wave and wind data regarding
the existence and time-series character of large, non-Gaussian and episodic waves as
well as concurrent wind data has been of vital importance in the present study.

. - Much more time-series wind and wave data must be obtained and analyzed for synoptic
*' " weather conditions which have been found to be of interest as the result of this and

other studies if additional progress is to be made regarding the existence and
characteristics of extreme waves.

One of the logical sources of the desired time-series data are those ocean
weather ships still in use in the North Atlantic Ocean as well as deep-water off-
shore platforms or drilling rigs incorporating wave and wind measuring and recording
systems. Unfortunately, the large ocean data buoys currently deployed off the U.S.
coasts are not capable of providing time-series wave and wind data at this time.
Difficulties also exist regarding the proprietary aspects ot wind and wave data in
the case of offshore platforms and drilling rigs. Despite these problems there is
reason to believe that important time-series data can be obtained.

The acquisition and analysis of meso-scale data for surface wind fields result-
ing from the interaction of TROF-like disturbances with both developing and mature
surface lows is of considerable importance with respect to understanding the origin
of episodic wave packets. The enormous area covered by even a small TROF-like
disturbance presents a major deterrent to progress in this case although satellite.
borne sensors may prove to be helpful in providing at least indirect evidence of the
desired surface wind field information.

8.3 Technology Development

(a) The Identification of Non-Gaussian Events in Quasi-Stationary Time-Series s
Data of Arbitrary Spectral Form. As discussed in Section 2, a capability exists
at present for identifying the existence of non-Gaussian events in a band-limited,
white noise process. It is important that this capability be extended to apply to
stochastic processes of arbitrary spectral form for a more exact identification of

O non-Gaussian events in wave or other time-series data. The desired capability is
considered to require processing of the time-series data directly into half-cycle
matrix (HACYM) format and, additionally determining the variance spectrum for the
same time-series data. By summing electrically generated Gaussian random variables

*The most recent version of the data table entitled "Ship's Weather Observations"

provided to cooperating ships in fact requests much of the desired information
under "Freik Wave Report."1
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corresponding to the discrete energy/frequency constituents of the spectrum,36 a
new Gaussian time-series can be generated and processed into HACYM format for direct
comparison with the HACYM data obtained from the original time-series. The purpose
of the comparison is to identify non-Gaussian events in the original data for
further study as to their particular time-series characteristics and origin from a
cause and effect point of view.

This capability is also of importance in the analysis of random wave data from
test tanks to determine whether or not the seaway being modeled in the frequency
domain is Gaussian 3r not.

(b) Generation of Waves of Specified Time-Domain Character in Test Tanks.
Because of the existence of large non-Gaussian waves in nature and their potentially
damaging effects on ships, it is recommended that consideration be given to gen-
erating model-scale versions of such waves in linear and maneuvering tanks. The
time-series wave data of Figure 11 provides a starting point for modelling purposes.
Tests of a model of the SL-7 container ships in such waves is likely to be instruc-
tive because the tendency of this class of ship toward foredeck and deck house
damage has not been revealed by previous model tests in regular and random seas,
the latter presumably being essentially Gaussian in character. (See Section 2 and
Figure 5).

(c) Propagation Characteristics of Imperfect Soliton Wave Packets. The re-
search of Yuen and Lake25 reviewed in Section 6 which relates to the stability
of soliton wave packets having imperfect height envelopes, should be carried forward
both analytically and experimentally to consider the more general case of imperfect
wave periods and heights. The instability characteristics of such packets is also
apt to be of considerable importance in explaining the origin of "rogue" waves.

(d) Wind Generation of Imperfect Soliton Wave Packets. As mentioned in
Section 6, no explanation has been offered regarding the apparent ability of
storm winds to generate imperfect soliton wave packets. Recent investigations by
Mollo-Christensen and Ramamonjiarisoa,3 7 however, appear to be moving in this
direction although they have noL been structured to deal specifically with this
question. The technique which they employ of injecting mechanically generated waves
into the wind field of their test flume would appear to overcome to some degree the
markedly overdriven wind-wave field characteristic of such facilities (see Section
6). It is recommended that the methods employed in their work be examined to
determine the feasibility of studying the generation of waves in wind-wave fields
which are overdriven by an order of magnitude less than in previous experiments.

(e) Ultimate Strength Analysis Methods. The acceptability of damage to
structural components, in the absence of significant loss of water tight integrity,
as suggested in the discussion of "rogue" wave damage, in Section 6, necessarily
leads to a recommendation for developing appropriate structural analysis methods.
In the case of bridge windows, special design features are likely to be required as
well as dynamic structural analysis methods.
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APPENDIX A

A LIMITED SURVEY OF U.S. COAST GUARD HEAVY WEATHER DAMAGE INFORMATION

The origin of the data base and the criteria used for selection of the heavy
.' weather damage cases summarized in Table A-I are discussed in Section 3 together

with a brief interpretive summary of the information. The following additional
comments are offered regarding the information contained in Table A-i.

* The damage cases have been ordered by "year built" so that trends associated
A with newer vs. older ship design and construction would be more evident where they

happen to exist. It is evident from this ordering, for example, that ships of more
recent design are longer and of higher displacement than the older ships. Eight of
the 38 ships reviewed in the table were built during or immediately following World
War II and 5 of those were apparently modified to carry containers. The casualty
dates it will be noted, bear no particular relationship to the age of the ship in
question.

The entries regarding ship particulars are those appearing on the CG-2692 form
except that some lengths and tonnages have been rounded off to the nearest foot or
ton. The entries regarding ship length can be either registered length or length
over-all and where one or the other was specified it is so noted in the table. For-
ward and aft drafts were included in the table in the event slamming was a signifi-
cant source of damage (which in general it was not).

The description of casualty information contains quotes where the information
was taken directly from the form. In some cases damage information is also included
in the remarks column. The time of casualty information in the CG-2692 form is
apparently intended to refer to local time with the required correction to correspond
to GMT noted. Where GMT time was specified in the form, it Is noted in the table.

The estimates of height of sea and height of swell in the form are apparently
somewhat ambiguous. Where the sea and swell approached from different directions
a clear distinction appears to exist. However, where they were evidently aligned it
was not uncommon to find the same wave heights stipulated for each, or for only one
or the other to be given. For such cases little guidance can be offered except to
suggest that it would probably be unwise to add sea and swell wave heights together
to estimate maximum wave height.

Sea and air temperature have been included in the table since air temperatures
% . . substantially less than sea temperatures are frequently indicative of gustiness

associated with unstable and highly connective air masses.

Finally, in searching the computer listing originally furnished by the Coast
Guard an effort was made to identify casualty cases associated with SL-7 class
container ships. This was done because of the large number of research investiga-
tions sponsored by the Ship Structure Committee in connection with these ships and
the resulting availability of design, test, and service information. When it was
noted that there was an apparent class problem with respect to foredeck and deck-
house damage, an effort was also made to identify casualties associated with LASH
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ships because they are also relatively long ships with a deckhouse located well
forward on the hull. Since the computer listing was not catalogued by class of
ship, there is no certainty, however, that all damage cases involving these two
classes of ships were located within the data base.
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